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Abstract 

Gas aggregation cluster sources (GAS) represent one of the most rapidly developing systems for synthesis of 
nanoparticles (NPs). Such sources were used for the production of NPs from different materials ranging from 
metals or metal oxides to organic compounds. In recent years, the focus shifts to the production of 
heterogeneous NPs. In this work, we have studied the production of bimetallic NPs from copper and tungsten. 

Keywords: Gas aggregation source, core-shell nanoparticles, copper-tungsten 

1. INTRODUCTION 

Metal nanoparticles (NPs) produced by means of gas aggregation cluster sources (GAS) represent ever 
growing field in nanoscience [1-5]. In the past, attention was paid to the construction of the GASes themselves 
[6,9], to understanding of the basic principles of the nanoparticle formation [1,2,12,15], the properties of single-
phase particles and their transport to substrates [7,10,13]. The recent developments shift the focus from single 
material to composite nanoparticles. Simultaneous sputtering of two or more metals from several magnetrons 
in one aggregation chamber [8] allows for the production of multi-component NPs. However, good control over 
the component ratio is not straightforward in this case. The same problem arises when a single magnetron is 
used with a composite target which is split in two parts consisting of two different metals [11,14]. Other methods 
employ multiple steps such as in-flight coating of single-metal NPs by a thin film of another material [16]. It is 
possible to produce core-shell structure this way, but the method is rather complicated and usually produces 
only very thin shell. To prevent the above mentioned problems and keep the system as much simple as 
possible, we have decided to use a target with small pellets of other material set in the erosion track. 

2. EXPERIMENTAL 

The sputtering took place in a GAS based on a water cooled 3 inch magnetron with water cooled aggregation 
chamber walls (see Figure 1) in argon atmosphere at pressure of 60 Pa and magnetron current of 500 mA. 
The aggregation chamber was ended with a conical orifice of 2 mm in diameter. The GAS was mounted onto 
another vacuum chamber where the substrates for the depositions were placed. The distance between the 
orifice and the substrates was 10 cm. Pumping was performed by turbomolecular and scroll pumps. 

The magnetron was powered with a DC generator (MDX 500) and set with three types of target: copper, 
tungsten and composite copper/tungsten. The composite target was designed in the form of a copper disk with 
tungsten pellets uniformly inserted along the erosion track. The pellets were of cylindrical shape 3 mm in 
diameter, the diameter of the erosion zone was 41 mm. The number of the W pellets determined the areal 
ratio between the two metals to be sputtered.  



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

17 

The NPs were characterised by scanning electron microscopy (SEM, Mira III, Tescan), X-Ray photoelectron 
spectroscopy (XPS, Phoibos 100, Specs) and survey Energy-dispersive X-ray spectroscopy (EDX, Mira III, 
Tescan). The deposition rate was monitored in-situ by quartz crystal microbalance (QCM) and the plasma was 
characterised by optical emission spectroscopy (OES, AvaSpec-3648, Avantes). 

 
Figure 1 Schematic of the GAS 

3. RESULTS AND DISCUSSION 

The OES spectra of the discharge with different targets are shown in Figure 2. The spectra of the discharge 
with the single-metal targets show the lines typical for copper or tungsten, respectively. The spectrum of the 
discharge with the composite target shows the lines of both metals. Thus, OES appears promising for the in 
situ diagnostics of the bimetallic sputtering. 

 
Figure 2 OES spectra of the discharge with three different targets 

The SEM micrographs presented in Figure 3 show that NPs are produced in all three cases. Single-copper 
sputtering results in the deposition of 43 nm-sized NPs whereas sputtering from the single-tungsten or from 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

18 

the composite Cu-W target produces smaller NPs with the mean size of 16 nm. The addition of the tungsten 
evidently has a huge impact on the particle formation process.  

copper copper-tungsten tungsten 

   
Figure 3 SEM images of the copper, copper-tungsten (39% of W in the composite target)  

and tungsten particles 

The XPS and the EDX analyses were performed on the bimetallic Cu-W NPs shown in Figure 3. The XPS 
detected only 2% of tungsten and 98% of copper while the EDX revealed 15% of tungsten and 85% of copper. 
Different depth of analysis of the two methods provides the indication that Cu and W are not mixed 
homogeneously within the NPs but the outermost layers are enriched with copper. 

HR-TEM analysis was performed on the bimetallic NPs to obtain deeper insight into their structural 
peculiarities. The NPs were produced with a higher amount of W pellets installed in the composite target to 
increase the areal percentage of tungsten to 91% and, hence, to stimulate the retention of tungsten in the final 
product. Indeed, the EDX measurements detected 40% of W in these NPs. Figure 4 shows an example of the 
NPs produced in this manner. Obviously, the nucleation and growth of bimetallic Cu-W NPs proceed with the 
phase separation which leads to the development of a heterogeneous structure. Core-shell architecture of the 
NPs can be readily identified in which a 7 nm-sized W core is enveloped by a 2 nm-thick Cu shell.    

 
Figure 4 HR-TEM image of a particle containing 40% of tungsten 

The presented method is foreseen to allow for the production of core-shell NPs with tuneable amount of the 
components. Special care should be taken though to regulate precisely the external parameters of the 

500 nm 
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discharge. For example, Table 1 shows the magnetron voltage and the deposition rate measured during the 
sputtering. For the sputtering from the bimetallic target, the magnetron voltage remains markedly close to the 
value of the single-copper sputtering. However, for an unknown reason which is yet to be discovered, the 
deposition rate drops down to a value which is even lower than that of single-tungsten sputtering. Careful 
optimization of the sputtering is therefore inevitable. It should be also combined with the accurate investigation 
into physical processes occurring both on the surface of the target and in the gas phase to obtain deeper 
comprehension of the resultant NPs.  

Table 1 The magnetron voltage and the NPs deposition rate 

 
copper 

copper-tungsten (39% of 
W in the composite target) tungsten 

Voltage (V) 291 281 200 

Deposition rate (Hz/s) 3.63 1.70 1.98 

4. CONCLUSIONS 

Core-shell nanoparticles of copper and tungsten have been successfully prepared using a gas aggregation 
cluster source from a composite copper-tungsten target. The composite nanoparticles have been compared 
to nanoparticles deposited from single metals, either copper or tungsten. The addition of tungsten to copper 
causes the composite nanoparticles to be much smaller as compared to the copper nanoparticles and to be 
of almost the same size as compared to the tungsten nanoparticles. The deposition rate of the composite 
nanoparticles drops below the level of copper or tungsten nanoparticles and needs to be carefully optimized. 
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Abstract  

An ordered array of silver (Ag) nanoparticles (NPs) on the uniaxial LiNbO3 material is theoretically analyzed 
under an extended Maxwell-Garnett (M-G) effective approximation to account on the anisotropic effects. 
Structural parameters such as NPs radius and interparticle distances in the array play a key-role in the 
evaluation of the dielectric response in both parallel and perpendicular directions. In fact, the negative epsilon 
(NE) condition is satisfied for specific values of the above parameters. This condition defines an interval of 
energies, called NE range. We compare these results to that obtained for a random distribution of Ag NPs 
embedded in LiNbO3 matrix. 

Keywords: Ferroelectric materials, metallic nanoparticles, extended Maxwell-Garnett theory 

1. INTRODUCTION 

Recently, some authors have shown the interest in combining the optical response of metallic nanostructures 
with the optically active ferroelectric materials. Indeed, Yraola et al. [1] and Molina et al. [2] have demonstrated 
that Nd3+-doped periodically poled LiNbO3 shows a spontaneous emission and nonlinear response 
enhancement by Ag nanoparticles inclusion. Also, these authors claim that this composite could be a plausible 
metamaterial with a plenty of applications in non-linear optics among others. In the search of negative index 
metamaterials (NIM's) having both negative  and  values, specific physical and geometrical conditions  play 
a key-role in controlling the values of permittivity and permeability. In our previous work, we show that a random 
distribution of Ag NPs embedded in LiNbO3 matrix can exhibit negative epsilon condition in the visible range 
of electromagnetic spectrum, after a good control of both the Ag-metallic nanoparticles densities and sizes [3]. 

In this work, we generalize the research in the LiNbO3-Ag composite to an ordered rectangular array of Ag 
NPs on LiNbO3 matrix, system which is quite similar to the experimentally-grown periodical poled LiNbO3 with 
Ag NPs inclusions [1]. We show that the array of Ag NPs on LiNbO3 matrix can exhibit NE characteristics in 
the visible-ultraviolet range of electromagnetic spectrum, when a good control of the Ag-metallic nanoparticles 
densities and sizes along with the appropriate interparticle distances in the rectangular array is done.  

2. THEORETICAL MODEL 

We investigate an ordered system of identical spherical Ag NPs that occupy all lattice sites of a two-
dimensional (2D) rectangular array. This rectangular array has characteristic interparticle distances a and b 
for the longitudinal and transversal directions, respectively. The scheme of the system is depicted in  
Figure 1, where the NPs have radius R and they are on the uniaxial LiNbO3 material. Besides, the LiNbO3 
extraordinary axis coincides with the longitudinal direction, while its ordinary axis coincides with the transversal 
direction of this lattice. 
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Figure 1 Scheme of the ordered rectangular array of Ag NPs on an uniaxial LiNbO3 matrix 

As it is well known, the Maxwell-Garnett (M-G) model can be used to describe the effective dielectric function 
of a medium composed of metallic nanoparticles embedded in a dielectric medium. In fact, when the particles 
are randomly distributed in a three-dimensional (3D) system, the sum of dipoles contributing to the local field 
cancels out on average. The Drude model is used to describe the dielectric function of the metallic particles. 
For small filling factor, f, the surface plasmon resonance (SPR) condition is fulfilled at 

e
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where p is the plasma frequency of free electrons in the bulk metal. In our case, e will be evaluated by means 
of the Selmeiller equations. 

For particles distributed in a two-dimensional (2D) array, such as in thin films containing a layer with NPs, as 
our investigated system, the sum of dipolar electric fields does not cancel out anymore. Accordingly, one may 
expect dissimilar contributions to the local electric field in case the applied electric field is parallel or 
perpendicular to the longitudinal axis of the lattice, and this will result in anisotropic effective dielectric 
functions. Consequently, there will be two SPR conditions; i.e., 
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where the factor 9.03 comes from the convergence of the series that parametrizes the lattice for the inverse 
cube sum [4]. Eqs. (2) and (3) are a generalization to take into account that our array is rectangular. On the 
other hand, this structure might not be expected to follow the dielectric function predicted by the M-G model 
due to the previously described anisotropy of the dipolar interaction with the electric field. Then, an extended 
M-G model, which accounts for both the plasmon resonance in each particle and the interaction of charges in 
close particles, should be considered [5]; i.e., the effective dielectric function of the rectangular lattice is given 
as 
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In eqs. (4) and (5), i refers to the inclusion, j = 1 is for the electric field along the C-axis of the crystal, while 
j = 2 is for the perpendicular direction; fc accounts for the oscillator strength, c,j are the coupling frequencies 
as defined in ref. [6] in which the rest of constants are also described. 

Finally, low loss and negative epsilon (NE) conditions in the investigated arrays are met when ’’eff  0 and ’eff 

< 0 at given frequencies. From mathematical standpoint, imposing low loss or negative epsilon conditions is 
equivalent to finding structural parameters for which the above criteria are fulfilled. Indeed, we obtain a range 
of frequencies where the NE condition is satisfied for specific values of f, R, a and b. 

3. RESULTS AND DISCUSSION 

We will obtain the effective dielectric function when the electric field is parallel or perpendicular to the 
longitudinal axis of our 2D array; i.e., along the extraordinary or ordinary axis of LiNbO3, respectively. Hereafter, 
we will denote them eff,|| and eff,, respectively. In order to clarify the presentation of our results, we show in 
separate subsections the dependences of  eff,|| and eff,,  with the  i) NPs radius and ii) the interparticle 
distances a and b of the rectangular array.  

3.1. NPs radius effects on eff,|| and eff,  

Figure 2 depicts the real part of eff,|| and eff,  for Ag NPs rectangular array with radii ranging between 5 nm 
and 40 nm, being R/a = 0.5, R/b = 0.25 and f = 0.1 for all investigated cases. We can observe the anisotropy 
effects on eff,|| and eff,. Firstly, for the parallel direction, the resonances in both the real and the imaginary 
parts of eff belong mainly to the near VIS spectrum range, while for perpendicular direction, the resonances in 
’eff and ’’eff belong mainly to the VIS-UV spectrum range. For the real part, we obtained the negative epsilon 
(NE) condition, ’eff,|| < 0, from a critical value of 10 nm, while the condition, ’eff, < 0, is obtained from a critical 
size of 15 nm.  

If we compare these results with those previously reported in reference [3] for 3D randomly distributed Ag NPs 
in LiNbO3, the NE condition is fulfilled for a radius smaller; i.e., for the 3D random distribution with the same f 
= 0.1, ’eff < 0 is satisfied from a critical value of 40 nm. This reduction of critical size for the rectangular array 
can be due to the interaction of charges in close particles, which entails a different behavior of the effective 
dielectric function. Besides, the array of Ag NPs is on an uniaxial LiNbO3 surface and some volume of the Ag 
NPs are in contact with air. This feature is different from the case of a 3D random distribution where all NPs 
are embedded in LiNbO3 matrix. On the other hand, the NE range (energy interval where NE condition is 
accomplished) is approximately between 0.74 eV and 1.80 eV for ’eff,||, while for ’eff,  is  approximately 
between 3.0 eV and 3.38 eV. Therefore, the NE range for ’eff,||, is broader than the relative to 3D random 
distribution with the same f = 0.1. For ’eff, , this range has approximately equal width to that of 3D random 
distribution (compare Figure 2 with results of reference [3]). Besides, we obtain that SPR,|| = 1.79 eV, value 
which is close to the upper-energy limit of the NE range of ’eff,||, while SPR, = 2.79 eV is out of the NE range 
of ’eff,. Therefore, the above features characterize the anisotropy between ’eff,|| and ’eff, . Conversely, the 
NE range is slightly enlarged for increasing radii in both ’eff,|| and ’eff,,  characteristic which is similar to that 
obtained for 3D random distribution of Ag NPs [3]. 
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Figure 2 Real parts of ff,|| and eff, of the array. The filling factor is f = 0.1 and R/a = 0.5, while R/b = 0.25 for 

all investigated cases. The zero-reference line mark out the NE range 

Although it is not shown here, for the imaginary part, the resonance of ’’eff,|| peaks between 0.51 eV to 0.72 
eV for increasing radii, while the resonance of ’’eff, peaks between 2.93 eV to 2.98 eV. For both peaks, their 
FWHM are narrower with increasing radii, where the energy range characterized by ’’eff  0 is greater. On the 
other hand, the dependence of ’’eff,|| and ’’eff, with the energy is similar to that reported in reference [3] for 3D 
random distribution of Ag NPs in LiNbO3 matrix. 

3.2. Effects of the rectangular array interparticle distances on eff,|| and eff, 

We show in Figure 3 the real part of eff,|| and eff, for Ag NPs rectangular arrays with R = 15 nm, f = 0.1, where 
the parallel interparticle distance a ranges between 30 nm to 90 nm and the perpendicular distance b  ranges 
between 45 nm to 90 nm. We choose this radius and filling factor values in order to be sure that the NE 
condition is satisfied in both directions. For the parallel direction, the resonances belong mainly to the near-
VIS spectrum of the system ranging between 1 eV to 2.3 eV; while for perpendicular direction, the resonances 
belong mainly to the VIS-UV spectrum ranging between 2 eV to 4 eV. We have for ’eff,|| , that the NE condition 
is fulfilled for all a values investigated and it is characterized by the following features: i) The NE range is 
narrower for increasing a distances, where its width seems to have a limit value when the interparticle distance 
a is great enough; i.e., a = 90 nm; ii) The NE range is blue-shifted for increasing a values, where the shift 
seems reach a limit for great enough a values; iii) The SPR,|| value is out of the NE range for a values lower 
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than 45 nm, while for higher values, the SPR,|| belongs to the NE range. Attending to ’eff, we obtain that the 
NE condition is fulfilled for interparticle distances higher than b = 60 nm that can be considered as a critical 
distance. We also notice that the NE range become broader until to get a saturation value for b = 90 nm. 
Besides, for greater b values, the NE condition is red-shifted, conversely to the already commented parallel 
case. 

 
Figure 3 Real parts of eff,|| and eff, of the array. The filling factor is f = 0.1 and R=15 nm for different 

interparticle distances a and b for all investigated cases. The zero-reference line mark out the NE range 

Although it is not shown here, for the imaginary part, the resonance of ’’eff,|| peaks between 0.5 eV to 2.3 eV 
for increasing interparticle distances, while the resonance of ’’eff, peaks between 2.2 eV to 4.0 eV. In both 
cases, their FWHM are mainly independent of a or b distances. The range where the lossless condition is 
fulfilled is wide. This characteristic could improve the performance of photoelectronic devices. Finally, the 
dependence of ’’eff,|| and ’’eff, with the energy is similar to that reported in reference [3] for 3D random 
distribution of Ag NPs in uniaxial LiNbO3 matrix. 
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4. CONCLUSION 

We have evaluated the effective dielectric function of an ordered rectangular array of Ag NPs on LiNbO3 matrix 
along the parallel and perpendicular directions to the crystal's C-axis. For this purpose, we used an extended 
Maxwell-Garnett effective theory to take into account the anisotropy of the dipolar interaction with the electric 
field. The effects of NPs radius and rectangular array interparticles distances on the dielectric response were 
analyzed. Our results show that the negative epsilon condition is satisfied from a critical size of Ag NPs when 
the filling factor and the interparticles distances (a and b) have particular values. This condition defines an 
interval of energies, called NE range, characterized for specific structural parameters. In fact, the NE range 
enlarges for increasing radius, characteristic which is similar to that obtained for 3D random distribution of Ag 
NPs embedded in LiNbO3. On the other hand, the NE range width seems to have a limit value when the 
interparticle distances, a and b, are great enough. Besides, for greater b values, the NE range is red-shifted, 
conversely to the parallel case, where for greater a values the NE range is blue-shifted. Finally, we obtain that 
the surface plasmon resonance frequencies along the C-axis and perpendicular directions belong to the NE 
range for particular values of the structural parameters. 
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Abstract 

Nano iron oxides have been intensively investigated due to their various potential biomedical applications.  
ε-Fe2O3 phase exerted internal coercivity value up to ~20 kOe, high Curie temperature ( Tc= 510 K), and 
magnetoelectric character. Accordingly, epsilon phase is recognized as a suitable material for medical 
spintronic biosensors production, that present important part for the lab-on-a-chip systems. Noteworthy,  
ε-Fe2O3 phase exerts peculiar magnetic behavior. To get better insight into the magnetism of this material,  
ε-Fe2O3/SiO2 sample was prepared by the combination of the sol-gel synthesis and microemulsion method 
(Tann=1050 °C, tann= 4h). Afterwards, the sample was exposed to post-annealing treatment at 100 °C and 
200 °C. Synthesized material was preliminary examined by XRD and SQUID techniques. Coercivity changes, 
induced by the post-annealing temperature oscillations, were monitored by hysteretic measurements. Sample 
annealed at 1050 °C for 4h, showed coercivity ~20 kOe. The same sample performed to the post-annealing 
treatment at 100 °C, exerted significantly decreased coercivity (~1600 Oe). Further rise of the post-annealing 
temperature (200 °C) resulted in the increased coercivity ~15 kOe. Obtained study showed that there is 
insufficient knowledge concerning the ε-Fe2O3 coercivity changes of the polymorph. The more detailed 
investigation will be conducted, in order to advance the control of the epsilon phase magnetic properties.  

Keywords: ε-Fe2O3 phase, coercivity, phase transformations 

1. INTRODUCTION 

ε-Fe2O3 is recognized as a potential futuristic material, for application in electronic and storage technologies 
[1-6], since this Fe2O3 polymorph can achieve very high room-temperature coercivity, up to 20 kOe [7-13].  
ε-Fe2O3 phase presents the "youngest" of iron (III) oxides, whether its strucutre was completely described in 
1998, by Tronc et al [14]. The usage of ε-Fe2O3 material is still futuristic, since the investigation of this iron 
oxide polymorph is faced with a lot of challenges. Up today, it is not known how to prepare pure ε-Fe2O3 phase. 
Because of the wide particle size distribution and pronounced thermal instability, ε-Fe2O3 phase is usually 
obtained in the combination with the other iron (III) oxide traces, such as γ-Fe2O3 or α-Fe2O3 phase [7,12]. 
Magnetism of the ε-Fe2O3 phase is still open question. According to the literature data, synthesized ε-Fe2O3 
phase can behave as a room-temperature: canted antiferromagnet [15], collinear ferrimagnet [16], non-
collinear ferrimagnet [17], or to behave superparamagnetic behavior [18]. Also, in the literature is presented 
confusion regarded room temperature coercivity value of the ε-Fe2O3 phase, that presents the most important 
property for commercial usage of the ε-Fe2O3. To get deeper insight in the ε-Fe2O3 phase transformations and 
its temperature dependent coercivity behavior, we conducted a presented study. Performed research presents 
the continuation of the published study devoted to the investigation of the ε-Fe2O3 phase coercivity temperature 
dependence [19]. Nikolic et al. synthesized ε-Fe2O3 nanoparticles in a silica matrix [19]. The nanoparticles 
were examined by XRD, TEM and SQUID measurements. The ε-Fe2O3 phase was subjected to the thermal 
treatment covering a wide range of different post-annealing temperatures: 200 °C, 500 °C, 750 °C, 1000 °C, 
and 1100 °C. Hysteretic loops were measured, and coercivity field (Hc) value was used as a tool for monitoring 
ε-Fe2O3 phase transformations.  
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In this study, ε-Fe2O3 Hc behavior in the narrow post-annealing temperature range was investigated. Hysteretic 
measurements were conducted in order to follow the temperature dependent coercivity behavior of the ε-Fe2O3 
phase post-annealed at 100 °C and 200 °C.   

2. EXPERIMENTAL  

2.1. Structural and magnetic characterization 

The phase composition of the samples was analyzed by powder X-ray diffraction using a Rigaku RINT-TTRIII 
diffractometer, with Cu-Kα radiation of λ=1.5406 A. M(H) curves measured at 200 K, were investigated by a 
superconducting quantum interference device (SQUID) magnetometer from Quantum Design MPMS 7.  

2.2. Synthesis 

Synthesis of the ε-Fe2O3/SiO2 nanoparticles involved combination of microemulsion method and sol-gel, since 
this method is recognized as an optimal to obtain ε-Fe2O3 phase as a single phase, with a high yield [20]. Two 
identical micelles, containing CTAB/n-isooctane/1-butanol/water in molar ratio: 0.03/0.33/0.12/1.00, were 
prepared. The precursors containing Fe3+ ions and Sr2+ ions were added into the first micelle, while ammonia 
was injected into the second micelle [19]. Afterwards, 0.02 mol TEOS was dropped into the solution, prepared 
by mixing two micelles. Solution was stirred at room temperature for 24h. Precipitate was collected by 
centrifugation, and washed with chloroform and methanol few times. Thereafter, precipitate was dried at 80 °C 
for 14h. The ε-Fe2O3 phase was obtained by annealing dried precipitate at 1050 °C for 4h. Synthesized ε-
Fe2O3/SiO2 nanoparticles were performed to the post-annealing treatment at chosen temperatures: 100 °C 
and 200 °C, for 3h. Samples were denoted as S1050 (as-prepared ε-Fe2O3 phase), S1050100 (ε-Fe2O3 phase 
post-annealed at 100 °C), and S1050200 (ε-Fe2O3 phase post-annealed at 200 °C).    

3. RESULTS AND DISCUSSION 

XRD patterns of the as-prepared ε-Fe2O3/SiO2 phase, S1050100, and S1050200 are depicted at Figure 1. 

 
Figure 1 Diffraction patterns of the post-annealing samples: S1050, S1050100, S1050200.  

Symbols correspond to: *- ε-Fe2O3 

Diffraction patterns revealed the same composition of the investigated samples. XRD measurements showed 
that the only observed iron (III) oxide phase is ε-Fe2O3 phase (JCPDS: PDF no: 16-653, orthorhombic 
structure, space group Pna21); traces of the other Fe2O3 polymorphs were not observed. The Scherrer 
equation was used to determine crystallite size of the ε-Fe2O3 phase. Half width was estimated according to 
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the position of the most pronounced maxima, centered at 2θ angle position: 36.67°. Average crystallite size of 
the as-prepared ε-Fe2O3 phase was 6.6 nm. After applying thermal treatment at 100 °C, size of the ε-Fe2O3 
particles was 8 nm, while post-annealing treatment at 200 °C brings to the further growth of the particles; 
determined ε-Fe2O3 crystallite size was 14 nm. XRD analysis confirmed strong impact of the thermal treatment 
onto the growth of the ε-Fe2O3 nanoparticles.  

Figure 2 presents hysteretic loops of the samples S1050 and S1050200 (left and right, respectively). Both samples 
showed very high coercivity value, characteristic for the ε-Fe2O3 phase prepared by the combination of the 
micelle and sol-gel method [9, 10, 11, 20, 21]. Sample S1050 achieved coercivity ~20 kOe. Sample S1050200 
also exerted high coercivity (~15 kOe), although somewhat lowered, in comparison to the as-prepared ε-Fe2O3 
phase coercivity. On the basis of literature data, observed coerivity decrease was ascribed to the partial ε-
Fe2O3 to α-Fe2O3 phase transformation [12, 19, 23]. 

               
Figure 2 M(H) curves of the sample S1050 (left); M(H) curves of the sample S1050200 (right) 

Hysteresis of the ε-Fe2O3 phase performed to post-annealing treatment at 100 °C is shown at Figure 3. 
Contrary, post-annealing process at this temperature brings to the prominent narrowing of the hysteretic loop 
and revealed the surprising drop of the coercivity field value (~Hc 1600 Oe).  

 
Figure 3 M(H) curves of the sample S1050100 

The values of the hysteretic loop parameters are presented in the Table 1.  
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Table 1 The values of coercivity, saturation and remanent magnetization of the investigated samples 

Sample Hc [Oe] Ms [emu/g] Mr [emu/g] 

S1050 21 290 18.4 9.7 

S1050100 1 611 32.9 10.0 

S1050200 15 056 20.0 10.2 

Here is important to compare observed coercivity behavior with the results of the former study, related to the 
investigation of the variations in the room-temperature coercivity field value for the wide range of the post-
annealing temperatures: 200 °C, 500 °C, 750 °C, 1000 °C, and 1100 °C [19]. Experimental data revealed 
decreasing coercivity in the post-annealed samples up to the 750 °C, followed by an observation of a surprising 
jump in coercivity at 1000 °C. Observed coercivity alteration were explained in the term of the ε-Fe2O3 phase 
transformations. Expected progressive decrease of the Hc is ascribed to the ε-Fe2O3 → α-Fe2O3 phase 
transformations. From the other side, peculiar Hc jump appeared due to the ε-Fe2O3 nanoparticles re-formation. 
Re-formation mechanism is presented as a consequence of the wide particle size distribution. Annealing 
treatment at 1000 °C initiated growth of the small γ-Fe2O3 nanoparticles (< 10 nm), and forced their conversion 
into the ε-Fe2O3 phase. Presence of the small γ-Fe2O3 nanoparticles was not observed by XRD measurements, 
since maghemite nanoparticles are presented within the samples in traces. Noteworthy, it was highlighted that 
the appearance of the ε-Fe2O3 phase depends on physical properties of the SiO2 matrix. Transformation of the 
SiO2 matrix strongly affected magnetic behavior of the investigated samples, that is confirmed by measuring 
coercivity of the sample treated at 1100 °C. At this temperature is observed completion of the ε-Fe2O3 → α-
Fe2O3 phase transformation, as well as crystallization of the amorphous silica matrix into quartz and cristobalite 
[19].   

Compared to the results obtained in the previous study, Figures 2 and 3 presents very interesting experimental 
data concerning the post-annealing temperature dependent ε-Fe2O3 phase coercivity. If we recall XRD patterns 
of the investigated samples (Figure 1), the obtained results undoubtedly pointing out that the observed 
coercivity alterations can not be ascribed to the ε-Fe2O3 phase transformations. Considering the coercivity 
behavior shown in Figures 2 and 3, dependency of coercivity on the post-annealed temperatures is redefined 
(Figure 4).  

 
Figure 4 Dependence of coercivity on the post-annealed temperatures  

Based on the conducted XRD and SQUID measurements, it is very difficult to explain precize origin of the 
coercivity variations. From the literature is known that the coercivity field value can be affected by the huge 
agglomerates formation, that influences the hysteretic loop parameters and give rise to the increase of the 
superparamagnetic fraction of the ε-Fe2O3 phase [22, 23]. This could be one of the possible explanations of 
the ε-Fe2O3 phase coercivity variations, although it has to be approved or denied by the further characterization 
of the samples.    
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4. CONCLUSION 

Performed study showed unusual non-monotonic behavior of the temperature dependent ε-Fe2O3 phase 
coercivity. Investigated samples were prepared by combination of the microemulsion and sol-gel method. As-
prepared ε-Fe2O3 nanoparticles were exposed to the post-annealing treatment at 100 °C and 200 °C. XRD 
study showed that samples consist of the ε-Fe2O3 phase, as the only observed Fe2O3 polymorph. Calculation 
of the average crystallite size of the ε-Fe2O3 phase confirmed growth of the ε-Fe2O3 particles, initiated by the 
post-annealing treatment. Recording of the hysteretic curves pointed to the sharp Hc alterations. As-prepared 
ε-Fe2O3 phase exerts high coercivity (21.3 kOe). Post-annealing treatment at 100 °C brings to the abruptly 
drop of coercivity (1611 Oe), while further increase of the post-annealing temperature (200 °C), resulted in the 
significant coercivity jump (15.1 kOe). To get final remark about the ε-Fe2O3 phase magnetism and it‘s 
temperature dependent coercivity behavior, this research has to be continued by the use of the other 
measurement techniques.    
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Abstract 

Graphene is a material of great potential in a broad range of applications, for each of which specific tuning of 
the material’s properties is required. This can be achieved, for example, by covalent functionalization. We have 
exploited protocols for surface grafting by diazonium salts, by nucleophilic and electrophilic substitution to 
perform graphene covalent modification of graphene on substrates. The painstaking analysis problem of 
monolayered materials was addressed using Raman spectroscopy, SERS, SEIRA, MS, AFM, XPS and 
SEM/EDX. The covalent grafting was shown to tolerate the transfer process, thus allowing ex post transfer 
from copper to other substrates. Functional devices often require combination of several materials with specific 
functions, such as graphene-polymer hybrid heterostructures. We have used the developed methodology of 
chemical functionalization for preparation of PEDOT:Graphene bilayers by selective in situ polymerization of 
EDOT on covalently functionalized graphene. The polymerization proceeds exclusively on the grafted 
graphene, and patterned structures with high spatial resolution down to 3 μm could have been prepared. The 
composite exhibits enhanced efficiency of electrochemical doping compared to pristine graphene, 
unsymmetrical transport characteristic with very good hole-transporting properties and efficient electronic 
communication between the two materials. The covalent functionalization of graphene thus introduces 
advanced functionality to the material, broadening its scope of applications. 

Keywords: Graphene, covalent functionalization, PEDOT, 2D heterostructures 

1. INTRODUCTION 

Reaching the ultimate potential of graphene [1,2] in multitude of fields requires means of on-demand tuning of 
its properties. [3] Covalent chemical functionalization [4,5] of the graphene monolayer provides merely 
unlimited space for targeted attachment of various moieties and thus manipulation of intrinsic parameters of 
the material. [6] The approach, however, is facing three crucial challenges on the way towards its goal: inducing 
chemical reaction, properly characterizing its product, and application of the chemical functional group in 
extending functionality of the material. 

The long-known graphene grafting with diazonium-derived radicals [7-9] has been recently complemented by 
nucleophilic [10-13] and electrophilic substitution [14,15] methods on fluorinated and hydrogenated graphene, 
respectively, thus proving alternative for chemically incompatible species. The issue of characterization, 
conventionally dominated by Raman spectroscopy [16-18] and XPS, [19,20] was elaborated in detail by 
application of surface-specific and surface-enhanced versions of mass spectrometry, thermal programmed 
desorption, Raman spectroscopy and others. [11,21,22] These methods provided unambiguous experimental 
evidence for particular chemical moieties being grafted to the monolayer regardless the reaction employed by 
reporting on the mass and spectroscopic fingerprints of these species. 

The modified surface was studied for chemoselective heterostructure formation. [23-25] The sulfonate-
functionalized photolithographically patterned graphene was used to selectively promote oxidative 
polymerization of PEDOT and to stabilize the product.[26] The reaction provided thin (<5 nm) hybrid material 
with down to micrometer scale resolution of the semiconducting polymer, extremely difficult to produce by other 
means, while preserving the differentiated hole/electron charge carrier mobilities and electrochromism. 
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2. RESULTS AND DISCUSSION 

Graphene was synthesized by chemical vapour deposition (CVD) on copper foil, from which it can be 
transferred onto other substrates by copper-etching nitrocellulose assisted method. Due to the monolayer 
character of the CVD, the substrate has enormous effect on the reactivity of the material.[27-29] Three 
mechanistically different procedures were employed to covalently introduce functional groups on the surface: 
radical diazonium grafting, nucleophilic substitution of fluorinated graphene and electrophilic substitution of 
partly hydrogenated graphene (Figure 1, see Methods for particular protocols). In the case of substitution 
reactions, the fluorination or hydrogenation can be regarded as primary activation of the material towards 
further modifications. It is important to note that the material is only partly fluorinated or hydrogenated - this 
has large impact on the reactivity in the subsequent transformations, because all the activating atoms 
introduced are statistically located in ‘special’ position such as allylic or benzylic. This fact thus enables 
nucleophilic substitution via allylic positions (SN2’ mechanism) or facile deprotonation of the hydrogenated 
graphene in ‘benzylic’ position. The three available mechanism to introduce functional groups to graphene are 
also extremely important with respect to chemical compatibility. For instance, the radical diazonium species 
are very reactive and do not tolerate strong nucleophiles and/or oxidizable species such as thiols. Finally, the 
versatility of graphene functionalization protocols also simplifies the preparation of specific molecules to be 
grafted on the monolayer, thus avoiding lengthy, tedious multi-step syntheses. 

 

Figure 1 Scheme of graphene synthesis, transfer and functionalization according  
to different protocols 

Performing on-surface reactions with CVD graphene requires also solid characterization of the reaction 
products. Due to the low amount of material in the monolayer, specific surface-oriented and surface-enhanced 
methods have to be used. The traditional approach involves measuring Raman and XPS spectra, however 
this information is largely insufficient to draw any conclusions about covalent grafting, since Raman spectra 
only report increasing or decreasing amounts of defects in the otherwise perfect 2D crystal (D mode) without 
any indication about their nature, and XPS provides elemental composition of the surface layer regardless if 
originating from functionalization or contamination. 

We have thus engaged ourselves in extending the pool of available characterization techniques for graphene 
covalent functionalization (Figure 2). We have used surface-enhanced versions of Raman (SERS) and 
infrared spectroscopy (SEIRA) and mass spectrometry (SELDI) which provide characteristic bands for 
particular functional groups and mass of the grafted species, thus confirming structural integrity of the 
introduced moieties. The results are further supported by atomic force microscopy (AFM) which rules out the 
possibility of formation of functional multilayers, thermal programmed desorption (TPD) which eliminates the 
possibility of physisorption, and scanning electron microscopy combined with energy-dispersive X-ray 
spectroscopy (SEM/EDX) providing very high spatial resolution in mapping the surface morphology and 
elemental composition. 
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Figure 2 Overview of available characterization methods for graphene  
functionalization 

With these tools in hand, we have advanced towards selective formation of functional hybrid heterostructures. 
First, we have functionalized the monolayer graphene with 4-sulfonylphenyl groups. This materials is to some 
extent resembling PSS, common polymer used to stabilize PEDOT in aqueous solutions. Therefore we have 
employed this material in polymerization reaction of 3,4-ethylenedioxy-thiophene (EDOT). The sulfonyl group 
is catalysing the oxidative coupling and also compensate the positive charge of PEDOT chains thus stabilizing 
it. Very high spatial resolution of the reaction has been found, practically being limited only by the 
photolithography resolution (3 μm). The formed composite was studied by spectroelectrochemical methods 
and also employed in a prototypical device - transistor. It was found that the hybrid is electrochromic, enable 
higher negative charging of graphene and exhibit hole conducting/electron blocking properties with hole 
mobility higher than electron mobility by two orders of magnitude. 

 

Figure 3 Scheme of selective PEDOT polymerization on functionalized patterned  
graphene 
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3. METHODS 

3.1. Graphene growth and transfer 

Graphene was grown on copper by CVD and transferred to SiO2/Si substrates, as described previously. [30] 
In brief, a polycrystalline copper foil was annealed for 20 min at 1000 °C in hydrogen. Graphene was then 
grown from 1 sccm CH4 for 35 min and then annealed for another five minutes in H2 atmosphere. The sample 
was then cooled to room temperature and transferred to a Si/SiO2 substrate using the nitrocellulose-based 
technique. [31] 

3.2. Photolithography - graphene patterns 

Graphene on substrate was covered with photoresist AZ 6632 by spincoating, aligned with the mask, exposed 
to the mercury short arc lamp light and developed by the AZ726MIF. Then graphene was etched by oxygen 
plasma and the polymer mask was removed by the NI555 stripper. Samples were then washed with i-propanol 
and dried in a stream of nitrogen. 

3.3. Fluorination of graphene 

The fluorination was performed in a self-built apparatus. The sample on a substrate was placed in a vacuum 
chamber containing blank Si/SiO2 wafer, evacuated to ≈2 · 10-4 mbar, then isolated from the pump and 
connected to the solid XeF2 (Aldrich, 99.99%) reservoir. When the pressure reached 8 mbar (about 60 s), the 
valve to the reservoir was closed and the system was evacuated to remove residual XeF2 vapours and then 
slowly ventilated to the ambient atmosphere. 

3.4. Nucleophilic substitution 

For volatile nucleophiles, the fluorinated graphene sample (about 1 cm2 on a substrate) was placed in a vial 
(≈40 mL). The chamber was then evacuated with a membrane pump and refilled with argon (>99.95%) three 
times to remove oxygen. The nucleophile was then introduced via a Hamilton syringe through a septum on the 
bottom of the chamber without direct contact with the fluorinated graphene. The reaction thus proceeds only 
with the nucleophiles in the gas phase. After exposure for 2 h at r.t., the excess of the reagent was removed 
using a membrane pump and the samples were further exposed to high vacuum (10-5 mbar) for 15 min. Solid 
nucleophiles were dissolved in methanol (50 mg in 10 mL) in presence of a base, fluorinated graphene was 
immersed in it for 30 min at r.t. Then, the sample was removed and thoroughly washed with water, methanol 
and dichloromethane. Non-commercial thiols were synthesized from the corresponding isothiouronium salts. 

3.5. Graphene hydrogenation 

The samples were hydrogenated in a high-pressure autoclave (Berghof HR-100). Prior to the hydrogenation 
process, the vessel was flushed several times with hydrogen to remove air. Thereafter, the autoclave was filled 
with H2 at a pressure of 5 bar at room temperature before the temperature was elevated to 200 °C. The reaction 
was carried out for 2 hours at roughly 8 bar and the samples were then cooled to room temperature. 

3.6. Electrophilic substitution 

Benzyl bromide (100 μL, 0.84 mmol) was diluted in 5 mL of dimethylsulfoxide (DMSO; spectroscopy grade), 
and 200 mg of anhydrous potassium carbonate (K2CO3; 1.45 mmol, 1.7 eq.) was added. Hydrogenated 
graphene on a substrate was immersed in for two hours at room temperature, and after, the sample was 
removed and thoroughly washed with deionized water and MeOH (spectroscopy grade, 10×5 mL each) and 
finally dried in a stream of argon. 
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3.7. Diazonium grafting 

Commercial diazonia were used if available. Diazonium salts were diluted in deionized water (>18 M cm-1) 
or mixture of deionized water and acetonitrile (7:3) to help the solubility to give 5 mM solution. Graphene on a 
substrate was immersed into the solution for 2 hours, then removed and thoroughly washed with water and 
spectroscopy grade methanol. Non-commercial diazonium salts were synthesized according to the following 
protocol: an aromatic amine (75 μmol) was diluted or suspended in 5 mL of the mixture of deionized 
water/acetonitrile 7:3 and 1.1 eq. of NaNO2 was added. The reaction mixture was then acidified by 1M HCl to 
reach pH of ~3-4 when graphene on a substrate was immersed in. Reaction was carried out for 30 min at r.t., 
then the sample was removed and thoroughly washed with deionized water and methanol (spectroscopy 
grade). 

3.8. EDOT polymerization 

In a 50 mL beaker 60 mg of FeCl3 · 6 H2O was diluted either in 25 mL of acetonitrile or 10 mL of propylene 
carbonate and 32 mg of 3,4-ethylenedioxythiophene was added via syringe while stirring. In the case of 
acetonitrile solutions, deep blue color evolved immediately. Functionalized graphene on substrate was then 
immersed in the solution for a given time (20 - 80 minutes) at room temperature, then removed and washed 
thoroughly with UV-VIS grade methanol. 

4. CONCLUSIONS 

We have demonstrated three different mechanisms for introduction of broad range of chemical functional 
groups to the monolayer CVD graphene. These protocols allow to avoid potential chemical incompatibilities of 
functional groups with the reactive species. For the characterization of the on-surface reaction products, we 
have demonstrated the feasibility of a whole set of suitable spectroscopic and spectrometric techniques which, 
when combined, provide unambiguous evidence for the particular surface grafting. Finally, the established 
protocols were employed in preparation of hybrid graphene composite with PEDOT, which was selectively 
grown on a photolithographically patterned pre-functionalized monolayer. In this way, semiconducting 
electrochromic device has been prepared with micrometric resolution, which is extremely difficult to prepare 
by other methods. 
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Abstract 

The paper describes the preparation and identification of hybrid compounds based on graphene oxide, 
graphene oxide - fullerene C60, graphene oxide CFx, graphene oxide-biochar and graphene oxide-MWCNT.  

Chemical modification procedures of the foils and its compounds with nanoparticles of metals (oxides) are 
further described. In conclusion, alternative applications of hybrid foils and synthesized compounds are 
proposed. 

Keywords: Graphene oxide, nanoparticles, composites, hybrid compounds, toxicity 

1. INTRODUCTION 

Graphene oxide (GO) is prepared by the oxidization of graphite with strong oxidization agents. GO is also 
a precursor for the chemical preparation of graphene [1]. A complete and current overview of the possibilities 
of further processing and usage of suspensions of graphene oxide is presented in the article ‘A manufacturing 
perspective on graphene dispersion‘ [2]. In our previous publications [3,4] common graphite oxidization with 
fullerene C60 were described at the various weight ratios [5]. This work broadens on common graphite oxidation 
reaction with fluorine graphite, Biochar and multinanotubes (MWCNT) in order to prepare the hybrid compound 
into the form of foil. Biochar is a product of pyrolysis of the waste after a fermentation process of biomass [6].  

The surface of the carbon nanotubes can be functionalized and in case of the formation of covalent bonds 
between the surface of nanotubes and by substituent or non-covalently and with modifications of 
macromolecule (hybrid composite) or the physical adsorption of molecules on the surface of nanotubes. 
Responses to enable a covalent binding to nanotube include: oxidization (can take place in a solution, gas 
phase or in plasma), halogenation (iodation, bromination, chlorination, fluorination of reactions with BrF5, 
XeF2), and reaction with diazonium salts (ArN2+). Non-covalent modification of the nanotubes is managed 
primarily by interactions π-π, π-stacking, electron transfer and hydrophobic interaction. It concerns, for 
example, pyrene derivatives, composites with polymers, biological molecules, DNA, proteins etc. 
The composite graphene (rGO)-MWCNT can be included among these reactions. The principle of 
the published preparation of these composite is that graphene oxide and MWCNT are mixed in a specific 
weight ratio, the mixture is sonicated and then reduced by e.g. ascorbic acid [7]. Thus prepared composites of 
rGO-MWCNT have application utilization in supercapacitators [8], or after morphological adaptation become 
ideal adsorbents of organic substances, especially oils [9]. In our case GO was not mixed with MWCNT, but a 
common oxidation of mixtures of graphite and MWCNT was done by the classic method according to Mr. 
Hummers, the same way as was managed with graphite-C60, graphite-CFx, graphite-biochar [10]. 

2. METHODOLOGY 

2.1. The employed chemicals 

Grafit PM: very fine, crystalline, powder graphite, mesh diameter 0.025 mm, the supplier KOH-I-NOOR, 
Netolice, Czech Republic; Fullerene C60: 99.5 % purity, purchased by SES Research, Houston, USA; MWCNT: 
Joint research Centre, Institute of Health and Consumer Protection, Via. E. Fermi 2749, I-21027 Ispra (VA) 
Italy; Albumin: bovine, Initial Fraction by Heat Stock, Fraction V (Sigma, A-6793); Hemoglobin: hemoglobin 
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powder (Himedia, FD 022);Sulfuric acid, hydrochloric acid, sodium nitrate, potassium permanganate, hydrogen 
peroxide, copper sulfate, silver nitrate - supplier Sigma-Aldrich. 

2.2. The employed instruments 

Analysis SEM: Scanning Electron Microscope FEI Quanta 650 FEG FEI (USA); Incorporated-THASS, 
analytical scale SUMMIT, SI 234-4, at flow rate 20 mL∙min-1, heating rate °C∙min-1, ceramic crucible, diameter 
5 mm and height 8 mm, degradation medium air; Measurement FTIR spectra: Bruker spectrometer alpha / FT-
IR software OPUS 6.5, range 375-4000 cm-1; Spectrophotometre NanoDrop 1000 Spectrophotometer (Thermo 
SCIENTIFIC). 

2.3. Realized reactions 

Fluorine graphite (graphite fluoride) of the composition CF0.8-0.9 was prepared by direct fluorination of graphite 
with diluted elemental fluorine from the electrolyser at 450-500 °C in a Monel reactor [11]. Biochar was 
prepared by pyrolysis at 470 °C from the digestate composition of 80 % corn silage, 20 % cellulosic fiber [14], 
supplier Biouhel.CZ. s.r.o., J. Káňa. Progressive common oxidation of graphite (1.5 g), firstly with C60, secondly 
with CF0.8-0.9 and finally with Biochar (the sample weight amounted to 0.7 g) was performed in a mixture of 
NaNO3 (3.0 g), KMnO4 (7.0 g) in concentrated H2SO4 (52 mL). The oxidation mixture was stirred for 2.5 h at 
55 °C. Before distribution, it was left for 72 hours at room temperature. The decomposition was carried out 
with distilled water, decanted and H2O2 and HCl were added. This was followed by repeated centrifugation and 
repeated decantation until neutral pH and a negative reaction to sulfate ions. In the oxidation of the graphite 
itself, the portion of the oxidation mixture was reduced about 30 %, concentrated foil enabled application on 
the teflon pad or nano fibers and followed by successive drying. Graphite (0.2 g) and MWCNT (0.1 g) were put 
into an Erlenmeyer flask, then H2SO4 (10 ml) and NaNO3 (0.52 g) were added and the reaction mixture was 
cooled to 10 °C H2O +ice. Afterwards KMnO4 (1.1 g) was gradually added and the water bath temperature was 
raised to 55-60 °C, the mixture was stirred for 3.5 h. The mixture was subsequently left for 72 hours at room 
temperature, finally 10 ml of HCl and 10 ml H2O2 were added. Progressive decantation and centrifugation 
followed, with the aim of obtaining the thickened suspension to prepare foils, which are spotted onto a teflon 
substrate and subsequently dried out. The foils were tested for the presence of functional groups and thermal 
stability by using electron microscopy through which the foil cuts and their surfaces were analyzed. 

 
Figure 1 IR spectrum of the products of oxidation of GO-CF  
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3. CHARACTERISTICS OF THE PRODUCED FOILS 

3.1. Analysis of the functional groups by FTIR 

Infrared spectroscopy was used to identify the functional groups of prepared film. Selected spectrum is 
reported for illustration in Figure 1. The dominant feature in the spectra of all products is a broad absorption 
peak extending from 2500-3500 cm-1, which belongs to the group -OH. The vibration of the oxo-groups 
predominates in all the measured spectra. Examples of allocation with values of wave numbers are provided 
in Table 1. A very strong vibration which occurs only in the case of hybrid foil GO-CF has a value of  
1197 cm-1 and corresponds to the valence vibration bond -C-F, see Figure 1. 

Table 1 Wavenumbers characteristic of vibration linkages and functional groups 

Probable allocation, [functional group] 
Product/ wavenumber, intensity  

GO  GO-C60  GO-CF 

νs (C-O-C) 
1068 (s)  1054 (vs) 

 1074 (m) 
νas (C-O-C) 

ν (C-O) 
979 (m) 979 (s) 

[RCO-OR, -O-, =C-O-C, R-CO-C] 

ν (C=C) 

1613 (s)  1607 (vs)  1625 (m) ν (C=O) 

[ > C=C <, -C=C-C=C-, elol.β diketones] 

ν (C=O) 
1723 (w)  1727 (w)  1729 (w) 

[O=CR-O-, R1R2-C=O, -COOH, α, β, ketones] 

3.2. The SEM pictures of cuts of hybrid foils 

 
Figure 2 SEM cut of foils a) GO, b) GO-C60, c) GO-CF d) GO-MWCNT 
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By plating a thickened suspension after centrifugation, film with a layer structure can be prepared, see  
Figure 2 (a, b, c, d). Identified film thickness of GO-MWCNT was 3.1-3.5 μm (Figure 2d), while in the GO-C60 
film, the thickness of 4.133 microns appeared (Figure 2b). The GO-CF and GO films (Figures 2a and 2c) do 
not have a constant thickness.  

3.3. Toxicity of hybrid foils 

The ecotoxicity of selected nanofoils was examined by means of a contact germination seed test on white 
mustard Sinapis alba L. (OECD Guidelines 208/1984) which is used as a standard test in Europe. The contact 
germination seed test on Sinapis alba L. onto the foil is to monitor the inhibition (stopping of the growth of 
seeds) for the time period of 72 hrs. The experiment takes place in the dark at a temperature of (20 ± 2) °C. 
During the experiments, 10 seeds were seeded onto the sample (nanofoils) and 10 seeds of mustard outside 
the sample in a total of 20 seeds per one sample. There was made two parallel determinations. For one type 
of foil, two samples with the dimensions of 20x20 mm were always cut. It was pipetted 2.5 mL of diluent. The 
purpose of the test was to determine the inhibition of seeds both outside and onto the foil [12]. The calculation 
of root growth inhibition when applied to the film or outside of the foil consists in measuring the length of the 
root (root elongation) after the test by computing the relation (Equation 1): 

     (1) 

The IC value is the root growth inhibition in %, Lc is the mean root length of control in millimetres and Lv is 
the arithmetic average root length in the test solution in mm. 

The final inhibitions of the germination seed tests on white mustard are illustrated on Figures 3 a, b.  
Figures 3a and 3b also show that the highest parallel inhibition was observed onto the foil GO-C60, the IC of 
this foil was 75.00 %. The lowest average parallel inhibition was detected onto the foil GO (IC was 22.33 %). 
For the different inhibitions of the seeds on the foils, see Figure 3a. The highest inhibition for mustard seeds 
placed outside the foil was determined for the foil GO-MWCNT (20.02 %). Mustard seeds located outside foils 
GO and GO-C60 grew up, the stimulation of the growth of seed was up to 33 % and 13 % (stimulation GO  
(-32.52 %), GO-C60 (-12.5 %)). The lowest average inhibition of seeds outside the foil was determined for the 
foil GO-CF (7.76 %). 

 
Figure 3a Inhibition (IC) for materials: the location of mustard seeds on the foil, parallel determination 

 
Figure 3b Inhibition (IC) for materials: the location of mustard seeds outside the foil, parallel determination 
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4. THE PARTIAL APPLICATION OF THE PREPARED HYBRID COMPOUNDS FROM GRAPHENE 
OXIDE (NANOCOMPOSITES, BIOCONJUGATES) 

Hybrid GO compounds can also be used for the reaction in the form of water suspension. These suspensions 
are used e.g. to prepare nanocomposites of metals, particularly copper and silver. In the case of GO-Cu 
composite, we used an electrochemical voltage series of metals (Becket series of metals) and sonication (the 
sonication goal was peeling copper in statu nascendi from an iron nail surface). In the case of GO-Ag, 
respectively rGO-Ag, was used ascorbic acid as the reducing agent [13]. There was used bovine serum 
albumin for the reaction of our hybrid compounds with a biomolecule [14] as a used biological material 
(Albumin Bovine; blood plasma protein consisting of 583 amino acid wastes; protein which is used in the blood 
thanks to its hydrophobic pocket on the surface as a carrier for hydrophobic substances, which would otherwise 
have a low solubility) and hemoglobin (hemoglobin powder; protein containing the protein and non-protein part 
of the hame group and iron in tetrapyrroles nucleus). Bio conjugate formation was confirmed by using UV 
spectroscopy whereby the detailed specification did not take place, whether the bio conjugate was with 
covalent or noncovalent (π-π bonds, H-bridges, adsorption, hydrophobic interactions) bonds and that GO 
reduction of heme iron had taken place. 

5. CONCLUSIONS AND DISCUSSIONS 

In conclusion, it can be stated that it was managed to chemically prepare graphene oxide and its hybrids with 
other carbon compounds. The preparation of metal nanocomposites on the carbonaceous carriers gives a wide 
variety of ways in the area of synthesis, and testing of applications. Currently our interest is to focus on the 
preparation of composites based on polydimethylsiloxanes. 
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Abstract 

Polyacrylonitrile (PAN) is commonly used as a raw material for making carbon fibers. This work is about 
dissolving waste acrylic fibers in suitable solvent to make thick acrylic solution. This solution is coated onto 
glass fiber mats. Acrylic coated glass mats are irradiated with CO2 laser and possibility of carbonizing acrylic 
is studied. These coated samples are preheated at different temperatures from 300 °C to 500 °C to stabilize 
Polyacrylonitrile before converting it to carbon structure. It is found that stabilization at 300°C works well in 
order to stabilize acrylonitrile prior to laser irradiation. Heat treated and non-preheated samples were irradiated 
by laser for studying possibility of carbonization of PAN polymer. It is found that laser treatment of PAN coated 
glass fiber mats produces electrically conductive lines on the surface of the material. Moreover the conductivity 
is increased when the material is preheated to 300°C before laser irradiation. It is also found that conventional 
heat treatment is not suitable for carbonizing PAN coated surface. 

Keywords: PAN, Carbonization, Conductive nonwoven 

1. INTRODUCTION 

Acrylic fibers also known as Polyacrylonitrile (PAN) is a common material used as a precursor in manufacturing 
of carbon fibers. Carbonization of acrylic produces carbon fibers.  Nowadays about 90% of carbon fibers are 
manufactured by thermal conversion of PAN precursor [1]. Usually acrylic precursors are heat treated at 
various temperatures for converting them into carbon fiber. The conversion is done in three steps which are 
oxidative stabilization, high temperature carbonization and graphitization. 

Oxidative stabilization is done in temperature range 180~300°C [2,3]. Some researchers found 270°C the best 
suitable temperature for oxidative stabilization [4] however some studies also recommended higher 
temperatures exceeding 300°C for stabilization process [5]. If the temperature is very high the fiber can fuse 
or burn, but at very low temperatures incomplete stabilization can be the result. Once the fiber is stabilized it 
will not melt again when exposed to high temperatures. 

Carbonization is the step in which the fiber is exposed to temperature ranging from 800°C to 3000°C. This 
heating can produce up to 95% carbon content [6]. Heating around 1000°C can produce carbon fibers of high 
tensile strength but higher temperature is necessary to manufacture high modulus carbon fibers [7].  

Graphitization is the step of heating the fiber in the temperature range 1600~3000°C.  It means graphitization 
is a carbonization process at high temperature. When heating is done around 1600°C to 3000°C about 99% 
polymer is converted to carbon [8,9,10]. Carbon fibers manufactured by this process are high modulus carbon 
fiber and classified as type-1 carbon fiber. 

In the recent years most PAN based carbon fibers are being used in composite manufacturing [11].  

Besides other benefits presence of carbon or graphite imparts better electrical conductivity. Moreover better 
resistance to corrosion and lighter weight materials with good strength find applications to replace metals. 
Conductivity is also a desirable property in manufacturing of electromagnetic and radio frequency interference 
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(EMI/RFI) shielding for electronic devices, moderate conductivity is necessary for electrostatic dissipation 
(ESD) [2]. Better physical and mechanical characteristics of PAN based composites have given them a good 
space in automotive and aerospace applications [12]. Finding solutions to challenges in aerospace applications 
can be done by optimization of the acrylic (PAN) fiber which can prove it the ideal fiber for aerospace 
applications [13,14]. In this study the acrylic fibers from waste are dissolved in solvent to make acrylic fiber 
solution (acrylic solution) and then this solution is applied on glass fiber mats (in the form of nonwoven sheet). 
Subsequent thermal and laser treatment of the prepared samples is studied to impart electrical conductivity in 
the material. 

2. EXPERIMENTAL 

2.1. Materials 

Acrylic fibers waste from Gurund Industries, Czech Republic.  

DMF (by RCI Labscan Limited) 

Glass fiber mats of 270 g/m2 (provided by SEPAT Specialni Papirenske Technologie, Czech Republic) 

2.2. Methods 

Main purpose of the study was effective utilization of acrylic fiber waste. Since acrylic fibers can be dissolved 
in dimethyl-formamide (DMF), acrylic fiber solution was prepared using DMF. The samples were produced by 
coating glass fiber non-woven mats in acrylic solution keeping 100% pickup. In this way the glass fibers in the 
nonwoven sheet were covered and coated with the acrylic solution. SEM image of PAN coated glass fiber is 
shown in Figure 1. 

 
Figure 1 SEM Image of PAN coated Glass fiber 

3. RESULTS AND DISCUSSION 

The acrylic coated samples were treated in oven at different temperatures to study the effect of heat treatment 
on their properties. Heat treatment was carried out between 200°C to 450oC. Weight of each sample before 
and after heat treatment was determined using electronic balance. Based on these observations percent 
weight loss of each sample was determined using equation 1.  

 Weight loss (%)  =   [ (initial weight −  final weight) / initial weight] ∗ 100     (1) 

Table 1 shows the results of weight loss (%) of acrylic coated glass mats. 
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It is clear from the results summarized in Table 1, that increasing temperature increases weight loss. At 450oC 
almost half of the samples weight is reduced which means that major amount of the applied acrylic polymer is 
evaporated of the sample. This implies that the conventional thermal pyrolysis process is not suitable to convert 
the coated acrylic polymer to carbon or graphite structure. 

Table 1 Weight loss (%) of acrylic coated nonwoven after heat treatment 

Sample 
Treatment 

Temperature  Initial Weight  Final weight  Difference weight loss  

Sr. no. °C (gm) (gm) (gm) % 

1 200 1.00 0.89 -0.11 -11 

2 250 1.00 0.87 -0.13 -13 

3 300 1.00 0.81 -0.19 -19 

4 350 1.00 0.64 -0.36 -36 

5 400 1.00 0.59 -0.41 -41 

6 450 1.00 0.51 -0.49 -49 

Since the ideal oxidative stabilization temperature of acrylic is 270~300 oC [4,5]. The samples heat treated at 
300oC is selected for laser irradiation to study the possibility of carbonization using laser treatment.  

Infrared laser irradiation was performed with a commercial pulsed infrared laser (Marcatex 150 Flexi, Easy-
Laser). The gas laser operates by carbon dioxide and produces a wavelength of 10.6 μm. The laser device 
contains the following parts (Figure 2): laser resonator (1), optical tube (2), optics box (3), the marking head 
(4), personal computer unit (5), central personal computer module (6), direct current source (7) and radio 
frequency source (8).  

 

Figure 2 Diagram of laser system Marcatex 150 Flexi 

Parameters that determine marking power of laser are: marking speed [bits/ms], duty cycle [%] and frequency 
[kHz]. Lower value of marking speed presents longer marking time. During the process of laser treatment, the 
marking speed of laser beam was set in 2, 4, 6, 8, 10, 12, 14, 16, 18, 20 and 22 bits/ms. In this study, the duty 
cycle (DC) was set at 50 %. The used laser power was 100 W at 50 % of DC and 5 kHz.   

Two set of experiments were performed in order to check the suitability of laser treatment for checking 
possibility of carbonization and imparting electrical conductivity in the material. Firstly samples after drying and 
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curing were directly irradiated by laser beam at different marking speed. Secondly samples after curing were 
preheated at 300oC for one hour in an oven for stabilization [4], and were then exposed to laser  

The Figure 3 shows that samples preheated at 300oC before laser treatment shows very less electrical 
resistance (good electrical conductivity) after laser treatment as compared to that of non-preheated samples.  

High energy laser beam is carbonizing the acrylic to impart electrical conductivity. This means electrical 
conductivity is possibly imparted in the irradiated samples due to the presence of carbon or graphite structure 
[2] which is responsible for conductivity. Preheating the samples at 300oC stabilizes the acrylic [4] on the 
surface of the glass mats hence after laser irradiation more carbon or graphite is responsible for better 
conductivity. 

 

Figure 3 Electrical resistance of acrylic coated glass nonwovens at varying laser parameters 

More powerful laser irradiation at lower mark speed has shown less electrical resistance and good conductivity. 
However at very lower mark speeds more intensity of laser irradiation can altogether destroy the sample.  

CONCLUSION 

It is concluded that laser irradiation of acrylic coated glass mats is capable of carbonizing the material surface 
and imparts electrical conductivity in the material. More is the powerful laser beam level, more is the electrical 
conductivity and vice versa. Hence using lower marking speed, but without destroying the sample, is necessary 
to get less electrical resistance and good conductivity. 
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Abstract 

Hafnium oxide (HfO2) is a high-temperature ceramic with excellent electrical, dielectric and optical properties, 
which may be substantially enhanced in the nanostructured material. Here, we have developed self-organized 
arrays of hafnium-oxide nanorods and examined their properties by electrochemical impedance spectroscopy 
(EIS). For sample preparation, Al/Hf layers are magnetron sputtered onto SiO2/Si substrates, anodized and 
then re-anodized to a more anodic potential. This results in the growth of a porous alumina film, followed by 
pore-assisted oxidation of the Hf underlayer. The films consist of discrete HfOx protrusions, penetrating the 
alumina pores and anchored to a uniform oxide layer that forms under the pores. Post-anodizing treatments 
include annealing at 600°C in air or vacuum and selective dissolution of the alumina overlayer. The 
electrical/dielectric behavior of the hafnium oxide nanorod arrays, embedded in or free from alumina, was EIS-
investigated in a borate buffer solution. In the re-anodized (not annealed) state the bottom oxide layer behaves 
as a good dielectric whereas the nanorods are semiconducting in nature. This situation does not change 
substantially by the annealing in air, still resulting in a dielectric bottom layer and semiconducting nanorods. 
However, after the annealing in vacuum, the whole film becomes an n-type semiconductor. Further 
investigation is in progress to understand the formation-structure-morphology relationship, aiming at exploring 
the functional properties of the films. 

Keywords: Porous anodic alumina, anodizing, nanostructured hafnium oxide, dielectric, semiconductor 

1. INTRODUCTION 

Hafnium oxide (HfO2) is a high-temperature ceramics with excellent electrical and optical properties, which 
makes it promising for a wide variety of relevant applications [1]. The outstanding chemical stability, large 
bandgap (5.5-6.0 eV), relatively high dielectric constant (22-25), high breakdown field strength (3.9-6.7 
MV·cm−1), high thermal stability and large heat of formation (271 kcal·mol−1) make HfO2 suitable in the field of 
electroceramics, optics, electronics, magneto-electronics, and optoelectronics [2]. HfO2 has been identified as 
one of the most promising materials for the nanoelectronics industry to replace SiO2 because of its high 
dielectric constant and stability in contact with Si [3]. 

Over the last decades, efforts have been made to enhance the properties and improve functionality of 
refractory ceramic films by making the films nanostructured, which is important for many applications in 
electronics. The growth and manipulation of HfO2 nanocrystals and nanorods resulted in important implications 
for the design of optical coatings. Despite the large number of potential applications and useful properties, the 
well-controlled preparation of nanostructured hafnium oxide films with the reproducible chemical composition, 
crystal structure and nano-morphology remains a challenge. This is partly because the optical, electrical and 
electro-optic properties of HfO2 are highly dependent on the surface/interface structure and chemistry [1-3]. 

Various deposition methods have been tried to synthesize hafnium-based nanomaterials [1-4]. They are 
generally divided into solution processes (sol-gel, anodizing) and gas-phase processes including both physical 
(sputtering, PLD) and chemical ((MO)CVD, ALD) vapor deposition methods. However, HfO2 ceramics 
practically available usually present poor crystallinity, irregular particles with broad size distribution and low 
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surface area. Therefore, it is desirable to design and develop a facile technology for the large-scale synthesis 
of HfO2 nanostructures with consideration of versatility and affordability for practical applications. 

In recent years, an original approach has been developed to grow 2-D arrays of metal-oxide nanostructures 
(hillocks, rods, cones etc.), anchored to dielectric or conducting substrates, via smart anodizing of a valve 
metal bilayer comprising a thin layer of Al superimposed on a different metal [5]. Generally, the overlying 
aluminium is converted into nanoporous alumina, and the self-organized growth of the underlying metal oxide 
occurs locally beneath the alumina pores due to a series of field-assisted electrochemical and solid state 
reactions. Up to now, periodic arrays of metal oxide nanostructures have been successfully grown from the 
couples including, for example, Ti, Ta or W [6] but not yet Hf. A major difficulty with the Hf is that anodic HfO2 
films grow usually crystalline, and the transport number for Hf4+ in HfO2 anodic oxide is almost zero (<0.05) 
[7]. These features result in undesired oxygen evolution and hinder oxide penetration into the pores. 

In the present work, for the first time, nanostructured hafnium oxide films have been synthesized via anodizing 
sputter-deposited Al/Hf metal layers and additionally tailored by high-voltage re-anodizing, open-circuit 
dissolution and high-temperature annealing. The films’ electrical/dielectric properties have been examined by 
electrochemical impedance spectroscopy (EIS) in solution. 

2. EXPERIMENTAL PART 

Initial samples were prepared by dc magnetron sputter-deposition of Al/Hf bilayers on oxidized Si wafers. The 
metals were anodized in an acid aqueous solution giving porous anodic alumina (PAA) films (Figure 1), as 
described generally in [5]. After the aluminium layer was converted into a porous anodic oxide, an array of dot-
like oxide formed on the Hf layer under the alumina pores (hereafter the anodized sample). Following 
anodizing, the samples were re-anodized to a more anodic potential in a solution giving compact-type films to 
achieve self-directional growth of relatively long aspect ratio oxide nanorods within the pores (hereafter the re-
anodized sample). To modify the structural and electronic properties of the films, the samples were annealed 
in the ambient atmosphere or in a vacuum (10−5 Pa) at 600 °C for 3 hours (designated as the air-annealed and 
vacuum-annealed samples, respectively). For comparative studies, the PAA film was dissolved away from 
selected samples (or their parts), so as to obtain the PAA-free films. Both the PAA-embedded and PAA-free 
samples were examined by field-emission scanning electron microscopy (SEM). 

EIS measurements were carried out in a borate buffer (0.5 mol·dm−3 H3BO3 with 0.05 mol·dm−3 Na2B4O7 
aqueous solution of pH 7.4) at 23 °C, using an Autolab PGSTAT204/FRA32M potentiostat/galvanostat, 
coupled with an EIS module (Metrohm Autolab) and controlled by a PC using the software Autolab NOVA. The 
films were connected as working electrodes, by electrically contacting the metal that remains under the anodic 
films, and an Au electrode was used as counter electrode. The area of the films was confined by means of 
Teflon cells of 3 or 5 mm in diameter. EIS was measured at open circuit potential (OCP), by applying a 
sinusoidal perturbation of 10 to 100 mV to OCP in a frequency range from 1 MHz to 0.1 Hz. The data were 
analyzed by computer simulation and fitting using the software Autolab NOVA, the whole frequency range was 
used for fitting using an equivalent electrical circuit containing mostly one constant phase element (CPE, 
instead of a capacitance), from which effective capacitance was calculated. All area-related physical quantities 
were recalculated to the projected surface area, unless stated otherwise. 

To estimate the dielectric constant (εr) of anodic HfO2, a 95-nm thick anodic HfO2 layer was prepared by 
compact anodizing of a sputter-deposited hafnium film to 50 V in the same electrolyte that was used for re-
anodizing the Al/Hf bilayer samples, and its capacitance and thickness were measured by EIS and SEM, 
respectively, leading to εr of 22. This value, being in agreement with the literature [2], was used in further 
calculations of oxide thicknesses from the measured capacitances. 
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3. RESULTS AND DISCUSSION 

3.1. Anodizing behavior and film morphology 

By selecting appropriate formation electrical and electrolytic conditions, it was possible to grow not only a layer 
of anodic hafnium oxide beneath the PAA film but also an array of self-organized anodic oxide nanorods, 
having relatively high aspect ratios inside the alumina nanopores, i.e. within and above the alumina barrier 
layer. The morphological and size variations that arise from altering the anodizing variables at both the PAA 
formation and PAA-assisted hafnium oxidation stages are determined by the anodizing and re-anodizing 
potentials, which may vary up to 400 V without destructive fluctuations, which may occur due to the combined 
effects of stress generation and worsening the adhesion on physical defects in the films. The anodizing and 
re-anodizing behavior observed confirmed the growth of solid-state anodic oxide on the Hf metal underneath 
the alumina nanopores. The presence of nanosized rods passing through the alumina film in the re-anodized 
sample is directly seen in SEM images of Figure 1, where the sample is shown in a 3-D configuration before 
and after selectively dissolving the PAA layer. 

 
Figure 1 SEMs of an array of HfO2 nanostructures via anodizing/re-anodizing of an Al/Hf bilayer on a SiO2/Si 

substrate (a) before and (b) after selective dissolution of the PAA overlayer 

 
Figure 2 Schematic process for forming nanostructured HfO2: (a) sputter-deposition of an Al/Hf bilayer onto 
a SiO2-coated Si wafer, (b) anodizing of the Al layer to form a PAA film, (c) anodizing of the Hf underlayer 
through the PAA film (the anodized sample), (d) re-anodizing of the Hf layer to grow PAA-assisted HfO2 

nanorods (the re-anodized sample) 
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Based on the SEM observation, a schematic process for forming an array of HfO2 nanorods was developed, 
as shown in Figure 2. A major feature of the anodic films formed in this way is that the hafnium-oxide nanorods 
are anchored to a lower layer of hafnium anodic oxide that forms under the bottom parts of the alumina barrier 
layer (hereafter the bottom layer), thus buffering the rods from the remaining hafnium substrate. Therefore, 
one of the objectives was to reveal the electrical properties of both parts of the films, i.e. the bottom layer and 
the nanorods themselves, as the first step towards functionalization of the PAA-assisted HfO2 nanofilms. 

3.2. Electrical/dielectric properties 

The re-anodized PAA-embedded films, consisting of a bottom HfOx layer of 90-100 nm thickness and of HfOx 
nanorods ~400 nm long surrounded by the PAA matrix, reveal the capacitance of 0.20 μF·cm−2 and a behavior 
typical for a dielectric (Figure 3a) with a potential-independent capacitance (not shown).  

After selectively etching the PAA away (PAA-free film), a very similar impedance behavior is observed, leading 
to only a slightly higher capacitance of 0.22 μF·cm−2 (Figure 3a), being also potential-independent (not 
shown). Based on the cross-sectional SEM images, the capacitance of the PAA-free film should be equal to 
the capacitance of the bottom oxide layer whereas the nanorods are expected to be short-circuited by the 
electrolyte. Thus, the thickness of the bottom oxide calculated from the measured capacitance of the PAA-free 
film is 90 nm, which is in a good agreement with the SEM results, and the layer is dielectric in nature. On the 
other hand, for the PAA-embedded film, the contribution of the nanorod-PAA layer to the total impedance, if 
the nanorods are also dielectric, is expected to be much higher than it was measured. With the calculated 
capacitance of ~0.027 μF·cm−2 for 400 nm long dielectric HfOx nanorods in PAA, an overall capacitance of the 
PAA-embedded film of 0.024 μF·cm−2 is expected. This value is much lower than the measured one. Therefore, 
the nanorods are not dielectric but semiconducting in nature. In such a case, only a thin depletion layer forms 
on top of the nanorods at the interface with the electrolyte, and only the impedance/capacitance of this layer 
is seen by EIS, in addition to the capacitance of the bottom oxide. The measured capacitances are summarized 
in Table 1. 

Table 1 The calculated capacitances of the samples prepared via PAA-assisted anodization of Hf layer 

Film 
Capacitance (μF·cm−2) 

PAA-embedded PAA-free 

Anodized 0.32 - 

Re-anodized 0.20 0.22 

Air-annealed 0.110 0.115 

Vacuum-annealed 40 70 

In order to get a deeper insight into the semiconducting nature of the re-anodized nanorods, we also examined 
the anodized film (Figure 3b) The PAA-embedded anodized film showed a capacitance of  
0.32 μF·cm−2 (Figure 3b), being only a little higher than one of the re-anodized film, but still no potential 
dependence of the capacitance is observed (not shown). Thus, the HfOx composing the anodized film seems 
to be dielectric as well. The measured capacitance corresponds to an oxide thickness of 61 nm, which is in 
good agreement with the thickness of the bottom oxide obtained by cross-sectional SEM (~70 nm). Thus, 
similarly to the re-anodized film, the oxide material protruding the alumina barrier layer of ~170 nm height is 
rather semiconducting, whereas the bottom oxide is again dielectric.  
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Figure 3 Bode plots obtained at OCP for the four film types in the PAA-embedded and PAA-free states: the 
(a) re-anodized, (b) anodized, (c) air-annealed, and (d) vacuum-annealed films. The symbols represent the 

measured data and the lines are the fits 

The EIS behavior of the air-annealed films both the PAA-embedded and PAA-free (Figure 3c) appear to be 
similar to the behavior of the re-anodized films (Figure 3a): (1) for both the PAA-embedded and PAA-free 
states, a dielectric behavior is observed manifested by the potential-independent capacitance (not shown) and 
by phase shift approaching −90°, (2) the capacitance obtained for both states is almost the same, 0.110 and 
0.115 μF·cm−2, respectively. The capacitance of the PAA-free film corresponds to the bottom oxide thickness 
of 169 nm, which is in a good agreement with the thickness estimated by SEM (~200 nm). Therefore, the air-
annealed film, similarly to the re-anodized film, consists of a dielectric bottom oxide supporting rather 
semiconducting nanorods. 

The vacuum-annealed films reveal a semiconducting nature of both the bottom oxide and nanorods. This is 
manifested by the low measured impedance and thus the high calculated capacitance and a relatively low 
phase shift (Figure 3d), as only a thin depletion layer is seen by EIS, and by a potential-dependent capacitance 
corresponding to an n-type semiconductor (not shown), for both the PAA-embedded and PAA-free films. The 
capacitances obtained at OCP are about 40 and 70 μF·cm−2, whereas they correspond to depletion layer 
thicknesses of 0.15 and 0.8 nm if an effective surface area of 30 and 300% of the projected area is taken, 
respectively. Such different depletion layer thicknesses would be obtained if the nanorods would have a 
gradient of oxygen vacancies along them, with a higher concentration at the rod tops (i.e. a thinner depletion 
layer) and a lower concentration at the rod bottoms (i.e. a thicker depletion layer). More analyses are needed 
to fully understand the behavior. 

The observed peculiar electrical behavior of the PAA-assisted anodic films of HfOx in their anodized, re-
anodized, and annealed states can be explained based on the EIS characterization only with some degree of 
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certainty. Further insight is expected from other analyses being in progress, such as X-ray diffraction, X-ray 
photoelectron spectroscopy, and transmission electron microscopy combined with EDX analysis, the results 
to be reported in due course.  

CONCLUSIONS 

The main revelation from the EIS results is that the anodized, re-anodized and even air-annealed PAA-assisted 
hafnium oxide films have a common extraordinary feature - the bottom oxide is dielectric while the material of 
the nanorods behaves like a semiconductor. This feature may be beneficial for such applications like high-
voltage high-value electrolytic capacitors. On the other hand, more applications, like chemical sensors, may 
require a fully semiconducting film, which is the case of the vacuum-annealed samples. Alternatively, the film 
may become fully dielectric should the right formation-annealing conditions are provided, which may extend 
potential applications to low-value thin-film capacitors, resistive switching devices and nanoelectronics.  
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Abstract  

The optical setup based on the double grating monochromator equipped with fiber coupled LEDs and the  
photomultiplier has been optimized for the photoluminescence spectroscopy of the highly scattering thin films 
in the spectral range 300−750 nm. The photoluminescence study has been applied on the hydrogen and 
oxygen plasma treated, nominally undoped (intrinsic) ZnO aligned nanocolumns grown by hydrothermal 
process. Water wettability study revealed that the hydrogenated ZnO nanocolumns are highly hydrophobic 
with surface contact angle about 100° decreasing below 20° after the plasma oxidation (hydrophilic surface).  
Photoluminescence spectroscopy showed that after plasma hydrogenation, the exciton related emission band 
centered at the wavelength 375 nm was partly deteriorated but fully recovered after the subsequent plasma 
oxidation. Therefore, the exciton related photoluminescence is influenced significantly by the plasma treatment 
and it correlates with free electron concentration. 

Keywords: ZnO, nanocolumns, hydrothermal growth, Photoluminescence spectroscopy, contact angle 

1. INTRODUCTION  

Zinc oxide (ZnO) nanocolumns are nowadays a subject of a large attention due to the interesting optical and 
electrical properties such as direct band gap, low optical absorption in visible and near infrared region, high 
refractive index, adjustable electrical conductivity and strong UV photoluminescence related to the large 
exciton binding energy [1]. These properties uncover a wide range of applications, i.e. in solar cells [2], 
optoelectronic devices [3] or sensors [4] featuring excellent selectivity, fast response and low detection limit 
[5]. 

Among various techniques used for ZnO nanocolumns growth, the hydrothermal growth provides a low cost 
and versatile synthetic process [6]. We have optimized a low-temperature hydrothermal method to synthesize 
densely packed, perpendicularly oriented aligned ZnO nanocolumns on glass substrates. Moreover, we have 
shown that the surface composition of the ZnO nanocolumns drastically changes upon the exposure to H- and 
O-plasma treatments. The plasma treatments increase the presence of non-lattice oxygen in the form of Zn-
O-H and Zn-O− contributions regardless of exposure time. The O-plasma treatment led to a more effective 
surface activation of the ZnO NCs as evidenced by the XPS analysis [7]. 

We have shown in our previous paper that the hydrogen plasma treatment increases the infrared optical 
absorption below the optical absorption edge [8]. The increase of the infrared optical absorption goes with the 
increase of the electrical conductivity and thus it is related to the increase of the free carrier concentration. 
This is consistent with previous observations showing that the resistivity of ZnO film can be significantly 
reduced by the addition of H2 in Ar during RF sputtering, likely due to the hydrogen donor of ZnO [9]. In this 
paper we show how the hydrogenation influences the photoluminescence. Since the photoluminescence 
spectroscopy is a powerful tool for the determination of purity and crystalline perfection [10], we optimized the 
optical setup for measuring the photoluminescence spectra of highly scattering thin films. In this paper we 
apply it for the first time to study the changes in room temperature photoluminescence of the plasma 
hydrogenated and oxidized ZnO nanocolumns.  
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2. EXPERIMENTAL  

2.1. Hydrothermal growth of ZnO nanocolumns 

Prior the hydrothermal growth, thin ZnO seeding layer was deposited on 10 × 10 mm2 fused silica substrate 
by reactive magnetron sputtering in the stainless steel vacuum chamber using Zn target with purity 99.9 %. 
The magnetic field was induced electromagnetically by current 4.5 A. The Zn target was sputtered in a dc 
capacitively coupled glow discharge plasma of the reactive mixture of argon and oxygen under flow rate 2.0 
and 0.5 sccm and the pressure 1 Pa on the resistively heated substrate holder kept at 400°C. The ZnO 
nanorods were grown on the seeded substrates by hydrothermal growth in an oil bath containing a flask with 
ZnO nutrient solution. The transparent nutrient solution was prepared using mixture of two equimolar aqueous 
solutions of 25 mM zinc nitrate hexahydrate (Zn(NO3)2.6H2O) and hexamethylenetetramine (C6H12N4). The 
result solution was preliminary stirred at 60°C for 1 hour and then filtrated using polytetrafluoroethylene (PTFE) 
filter with pore size 0.45 µm. During the ZnO nanostructural growth, the substrates was mounted upside-down. 
After reaction termination, the samples were carefully washed in de-ionized water and purged in nitrogen. 

2.2. Plasma treatment 

Plasma hydrogenation has been done using radio-frequency maintained plasma (13.56 MHz) in a double 
plasma source system [11]. The process conditions were as follows: gas pressure 10 Pa, rf power 100 W and 
self bias voltage 4 V, hydrogen flow 100 sccm, treatment time 10 min. The substrate was placed on cooled 
substrate holder which temperature was approx. 25 °C. Plasma oxidation has been done using inductively 
coupled rf plasma in a Tesla VT 214 device. The process conditions were: gas pressure 60 Pa, rf power 100 
W, oxygen flow 50 sccm and 1 minute treatment time. 

2.3. Photoluminescence spectra  

 

Figure 1 The optical setup optimized for the steady state photoluminescence of the scattering thin films: fiber 
coupled LED (1), filter wheel (2), sample holder (3), translation stages (4), 90° off axis metal mirrors (5-6), 

double grating monochromator (7), computer controlled stepping motor (8) and photomultiplier (9) 
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Figure 1 shows the optical setup optimized for steady state photoluminescence spectroscopy of the highly 
scattering thin films. The main advantages of the setup are high sensitivity, precise positioning of thin films and 
very low background of the scattered excitation light. The excitation is provided by the transistor-transistor 
logic (TTL) triggered Thorlabs’ fiber coupled high power LEDs coupled to the UV transparent optical fiber. The 
fiber output is collimated by fused silica lens (focal length 50 mm, diameter 25 mm), see (1), and filtered by 
narrow band pass fluorescence filters, featuring >90% transmission and OD 6 blocking outside of the 20 nm 
passband. The filters are selectable by manual filter wheel (2). The quasi-monochromatic excitation light is 
focused by second fused silica lens onto the sample (3). The sample holder is positioned by two 
perpendicularly oriented translation stages (4) manually driven by adjuster screws for precision motion. The 
scattered and emitted light is collected and focused onto the monochromator input slit (7) by two 90° off-axis 
mirrors (focal length 152.4 mm, diameter 50.8 mm) coated by UV enhanced aluminium (5-6). The f/4 double 
monochromator system SPEX 1672 provides double dispersion with two 1200 grooves/mm gratings, the 
dispersion 2 nm/mm and less than 10-9 scattered light. The monochromator has been motorized with computer 
controlled stepping motor (8). The signal is detected by multi-dynode multi-alkali photomultiplier (9) connected 
to the high voltage source (electrometer Keithley 6517), low noise current preamplifier (Signal Recovery 5182) 
and dual phase lock-in amplifier (Signal Recovery 5105) referenced to the 300 Hz TTL pulses provided by the 
function generator that also triggers the emission of the LED.       

3. DISCUSSION  

 

Figure 2 The LED excitation lines (340, 360, 420, 470, 530 and 665 nm) with their relative intensities and the 
normalized total spectral efficiency of the whole optical setup (dashed line). The inlet figure shows the dark 

volt-ampere characteristic of the photomultiplier 

The Figure 2 shows the LED excitation lines currently available in our setup: wavelength 340 nm (optical 
power 1 mW), 360 nm (3 mW), 420 nm (15 mW), 470 nm (10 mW), 530 nm (5 mW) and 665 nm (15 mW) with 
their relative intensities and the normalized total spectral efficiency of the spectrometer (dashed line). The 
florescence band pass filters provide full width at half maximum (FWHM) about 20 nm with 6 orders of the 
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optical blocking outside the ± 20 nm spectra region from the excitation wavelength maximum. The excitation 
line centered at 340 nm has been used in this paper for ZnO characterization. It allows to measure the emission 
spectra in the spectral range 360−660 nm (at 680 nm appears second harmonics of 340 nm line). Figure 2 
also shows the calibration curve of the total spectral efficiency of our setup measured using the totally scattered 
light of the calibrated broadband LED (450−850 nm) and low pressure Hg lamp (300−550 nm). The spectral 
efficiency of the photomultiplier is limited to 300−750 nm by the borosilicate glass window in UV and the 
photosensitivity of the photocathode in IR. The inlet graph in Figure 2 shows the exponential increase of the 
absolute value of the anode dark dc current with the voltage. To maximize signal/noise ratio, the anode dark 
dc current was kept at -10 pA at the voltage -590 V. With the current preamplifier sensitivity 10 nA/V, the noise 
ac current was about 100 fA and the highest measurable ac photocurrent 10 nA. There was no measurable 
signal outside 2×FWHM spectral region around the central wavelength of the excitation light when the intensity 
of the scattered light was adjusted to maximal measurable photocurrent at the central wavelength except of 
the second harmonic signal. Sensitivity will be further increased by replacing the photomultiplier with the cooled 
photomultiplier with lower dc dark current. 

The surface wettability of the as grown and plasma modified ZnO nanocolumns was calculated from water 
droplet contact angle measurements at room temperature. A static method was used in a material-water 
droplet system using a reflection goniometer (Surface Energy Evaluation System), 3 µl drop of deionised water 
and evaluating SW from a digital CCD camera image. The contact angle was calculated by a multipoint fitting 
of the drop profile using system SW. The measured contact angles were as follows: ZnO as grown: 120°, 
ZnO hydrogenated: 100° and ZnO plasma oxidized: <20°. Thus, the as grown and plasma hydrogenated ZnO 
nanocolumns are highly hydrophobic, whereas the plasma oxidation makes them highly hydrophilic. Similar 
behavior has been observed in the other semiconducting thin films [12].  

 
Figure 3 The normalized photoluminescence emission spectra of as grown (1), plasma hydrogenated (2) 

and finally plasma oxidized (3) ZnO nanorods measured at room temperature, 4 nm resolution  and 340 nm 
LED excitation. The spectra were recalculated on the total spectral efficiency 
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The Figure 3 shows the normalized photoluminescence emission spectra of as grown, plasma hydrogenated 
and finally plasma oxidized ZnO nanocolumns measured at room temperature using 340 nm LED excitation. 
The spectra were recalculated on the total spectral efficiency shown in Figure 2. Since at around 680 nm 
would appear the second harmonics of the excitation wavelength, the emission spectra were measured only 
at wavelengths below 660 nm. There is also a problem with low efficiency of our photomultiplier in the near 
infrared region. The emission spectra were not measurable at wavelengths below 360 nm because of the 
scattered excitation light centered at 340 nm.  The Figure 3 shows the strong emission peak centered at 
375 nm and the defect related broad emission band starting at wavelengths above 500 nm [13]. This emission 
is visible in dark room by eye as a weak yellow luminescence [14]. The room temperature emission peak at 
375 nm (3.31 eV) has been contributed to the indirect annihilation of intrinsic excitons with the simultaneous 
emission of one LO phonon [15]. The weaker emission peak appears at 390 nm (3.16 eV) [16]. We observe 
that after plasma hydrogenation, the exciton related emission was deteriorated but fully recovered after the 
subsequent plasma oxidation. This correlates with increased free carrier concentration in the hydrogenated 
ZnO, see [8]. The defect related emission band was not changed by the plasma treatment.  

CONCLUSIONS  

Water wettability study revealed the hydrophobic surface contact angle of aligned ZnO nanocolumns slightly 
decreased to 100° after plasma hydrogenation and further decreased below 20° after the plasma oxidation 
(hydrophilic surface). The photoluminescence emission spectra of the highly optically scattering thin films of 
the plasma treated ZnO nanocolumns were measured using the optimized optical setup based on the double 
grating monochromator equipped with the fiber coupled LEDs as the excitation light sources. We have 
observed that, the exciton related emission band centered at the wavelength 375 nm was partly deteriorated 
after plasma hydrogenation, but it fully recovered after the subsequent plasma oxidation. Therefore, the exciton 
related photoluminescence is influenced significantly by the plasma treatment and it correlates with free 
electron concentration but it does not correlate with the surface wettability.  
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Abstract  

The L21-structure Fe2AlTi intermetallic compound is one of the two phases identified in Fe-Al-Ti superalloy 
nanocomposites. Experimental data related to low-temperature magnetic properties of this Heusler compound 
indicate that magnetic moment is about 0.1 Bohr magneton per formula unit. In contrast, previous quantum-
mechanical calculations predicted Fe2AlTi to have much higher magnetic moment, 0.9 Bohr magneton per 
formula unit. In order to solve this discrepancy between the theory and experiment we have performed a series 
of quantum-mechanical fix-spin-moment calculations and compared our results with those for non-magnetic 
state. It turns out that the total energy of the non-magnetic state is only by 10.73 meV/atom higher than that of 
the magnetic state. When applying Boltzmann statistics to this very small energy difference we predict that the 
non-magnetic state appears at non-zero temperatures with significant probabilities (for instance, 22.36 % at T 
= 100 K) and reduces the overall magnetic moment. As another mechanism lowering the magnetization we 
studied selected shape deformations, in particular trigonal shearing. Fe2AlTi exhibits a compression-tension 
asymmetry with respect to these strains and, for example, the strain 0.08 destabilizes the spin-polarized 
state, leaving the non-magnetic state as the only stable one.   

Keywords: Nanocomposites, Fe-Al based superalloys, ab initio calculations, fixed-spin-moment 

1. INTRODUCTION  

The Heusler L21-structure compounds are one of the most important classes of ternaries with magnetic order 
providing a wealth of not only structural but also functional properties. In particular Fe2AlTi compound appears 
as one of the phases in Fe-Al-based superalloys (see, e.g., Refs. [1-4]). Interestingly, there is a long-lasting 
controversy between theoretical results and experimental data related to this material. For example, Shreder 
and co-workers [5] used Local (Spin) Density Approximation (LDA) and Linear muffin-tin orbital (LMTO) 
method to study magnetic state of Fe2AlTi and predicted this compound to have the magnetic moment of 0.9 
B per formula unit in contrast to the experimental value of 0.1 B per formula unit which they detected. Their 
experimental value is also very close to that reported by Buschow and van Engen [6] whose magnetic 
measurements resulted in the value of 0.11 B per formula unit at T = 4.2 K. Theoretical calculations thus 
predict the low-temperature value of the magnetic moment nearly one order of magnitude higher than 
experiments. In order to address this discrepancy between theory and experiments, we employ fixed-spin 
moment (FSM) calculations to study properties of different magnetic states of Fe2AlTi. The FSM approach [7,8] 
allows to keep the total magnetic moment of our computational supercell constant and equal to a pre-selected 
value while local magnetic moments are free to change (given the overall global constraint). A dependence of 
a number of properties on the total magnetic moment can be then studied (see, e.g., Refs. [9-14]).  
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Figure 1 Schematic visualization of a cube-shape 16-atom supercell of Fe2AlTi with four formula units used 

in our calculations 

2. COMPUTATIONAL METHODOLOGY  

Our first-principles calculations were performed within the framework of density functional theory [15,16] using 
the Vienna Ab initio Simulation Package (VASP) [17, 18] and projector augmented wave pseudopotentials 
[19,20]. The exchange and correlation energy was treated in the generalized gradient approximation as 
parametrized by Perdew and Wang [21] using the Vosko-Wilk-Nusair correction [22]. We used a plane-wave 
energy cut-off of 500 eV with a 20x20x20 Monkhorst-Pack k-point mesh in the case of a cube-shape 16-atom 
supercell (the product of the number of atoms in the cell and the total number of k-points being 128 000) 
containing 4 formula units of Fe2AlTi (see Figure 1).  

Our fixed-spin moment (FSM) calculations were performed with muffin-tin radii of 1.402 Å, 1.302 Å, 1.302 Å in 
the case of Al, Ti and Fe atoms, respectively. When fixing the total magnetic moment of the computational cell, 
all local magnetic moments were initially oriented in a parallel manner (a ferromagnetic state). These starting 
local magnetic moments of Al and Ti atoms were 0.01 B while those of Fe atoms had initially the value equal 
to the value of the total fixed-spin moment of the computational cell divided by the number of Fe atoms in the 
cell.  

3. RESULTS  

Figure 2 summarizes energies, lattice parameters as well as local magnetic moments of Fe and Ti atoms 
computed for Fe2AlTi with the L21 structure as functions of the value of the fixed-spin moment (FSM) per 
formula unit (µB/f.u.). As visualized in Figure 2a and magnified in Figure 2b, the lowest energy is predicted for 
a state with the FSM of 0.925 B/f.u. when the local magnetic moment of Fe and Ti atoms are 0.611 and -
0.279 B/atom, respectively (the negative sign meaning an anti-parallel orientation, i.e. a ferrimagnetic state). 
Our predicted values are in an excellent agreement with those of 0.95 B/f.u, 0.67 B/atom and -0.28 B/atom) 
published by Fecher and co-authors [23].   

Figure 2b shows how the lattice parameter of our cube-shaped 16-atom supercell monotonously increases 
with increasing fixed-spin moment. The lowest energy state is predicted to have the lattice parameter of 
5.8178 A (for the cubic 16-atom supercell - Figure 1) in agreement with 5.879 A reported by Fecher and co-
authors [23] as well as with the experimental values of 5.879 A reported by Buschow and van Engen [6] and 
of 5.858 A published in Ref. [5]. 
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Figure 2 Computed dependences of (a) the total energy (in eV/atom with respect to the lowest obtained 
energy), (b) a 16-atom supercell lattice parameter (in Å) and local magnetic moments of Fe (c) and Ti atoms 
(d) as functions of the fixed-spin value of the total magnetic moment per formula unit (B/f.u.) of Fe2AlTi with 

the L21 structure 

A qualitatively similar increase is exhibited also by absolute values of the local magnetic moments of Fe and 
Ti atoms (see parts (c) and (d) of Figure 2) with the latter being anti-parallel to the former and, therefore, 
visualized as negative values in Figure 2d. Aluminium atoms (not shown) are predicted to have local magnetic 
moments anti-parallel to those of Fe atoms but lower than 0.02 B/atom within the whole range of studied FSM 
values, i.e. within our computational error bar, and therefore they are considered as non-magnetic.  

Our calculations predict local magnetic moments of Ti atoms to exhibit an interesting feature for the states 
around the lowest-energy state (see Figure 2d). The slope of the curve of the local magnetic moments 
decreases prior to reaching the state with the lowest energy and starts to decrease again more sharply only 
for the states with the FSM higher than about 1 B per formula unit. For these values of the FSM, local magnetic 
moments of Fe atoms show a much less pronounced deviation from a simple increasing trend (see Figure 2c). 
Therefore, the existence of the minimum of the total energy seems to be closely related to Ti atoms. 
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Table 1 Quantum-mechanically calculated parameters of the lowest-energy ferrimagnetic state and the non- 
   magnetic state: the energy difference with respect to the lowest-energy ferrimagnetic state (in  
   meV/atom), equilibrium lattice parameter of 16-atom computational supercell (in Å), the total fixed- 
   spin magnetic moment per formula unit (f.u.) and local magnetic moments of Fe and Ti atoms.  
   Selected results are compared with ab initio calculations and experimental data from Ref. [5]. 

Fe2AlTi state Energy difference E 
(meV/atom) wrt. the 
lowest-energy state 

16-atom cell 
lattice 

parameter [Å] 

Total fixed-spin-
moment [B/f.u.] 

Local atomic 
moment of Fe 

[B/f.u.] 

Local atomic 
moment of Ti 

[B/f.u.] 

ferrimagnetic 0 5.8179 0.925;  

0.95 [5]  

Exp.: 0.1 [5] 

0.611 -0.279 

non-magnetic 10.73 5.8108 0 0 0 

When analyzing our results, it is particularly striking how small is the energy difference between the 
ferromagnetic lowest-energy state and the non-magnetic one. Considering both as two possible states and 
applying Boltzmann statistics we predict that, for example, at T = 100 K, 22.36 % of the measured sample will 
be in a non-magnetic state, reducing thus the overall magnetization.   

As another mechanism which can lower the overall magnetization we studied shape deformations. In particular 
we simulated a shear deformation lowering the cubic symmetry of the Fe2AlTi to a trigonal one by changing 
the cell vectors from the original ones (1,0,0), (0,1,0), (0,0,1) to (1,, ), (,1,), (,,1). Figure 3 shows the 
computed energies as functions of the fixed-spin value of the total magnetic moment per formula unit (B/f.u.) 
of Fe2AlTi for  = 0.08 (Figure 3a) and  = -0.08 (Figure 3b). Importantly, for the latter case we do not have 
any energy minimum for any non-zero FSM state and the non-magnetic state is the only stable one. We thus 
show that Fe2AlTi exhibits a tension-compression asymmetry with respect to trigonal deformations and the 
negative strain of  = -0.08 destabilizes the ferrimagnetic state of Fe2AlTi in favor of the non-magnetic state. 
Therefore, if these trigonal strains appear in the sample, the strain-induced phase transition from ferrimagnetic 
to non-magnetic state can reduce the overall magnetization detected in experiments.  

 

Figure 3 Computed dependences of the total energy (in eV/atom with respect to the lowest obtained energy) 
for trigonal deformation with the strain of  = 0.08 (a) and  = -0.08 (b) as functions of the fixed-spin value of 

the total magnetic moment per formula unit (B/f.u.) of Fe2AlTi 
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4. CONCLUSIONS  

We have employed quantum-mechanical calculations to address a long-lasting discrepancy between 
computed and measured value of the magnetic moment in Heusler compound Fe2AlTi at low temperatures. 
Using the fixed-spin-moment (FSM) approach we determined the total energy for a set of different states of 
Fe2AlTi including the non-magnetic one. In agreement with previous ab initio calculations we predict the lowest 
energy state to be ferrimagnetic with the FSM of 0.925 B per formula unit when the local magnetic moment 
of Fe and Ti atoms are 0.611 and -0.279 B/atom, respectively (the negative sign meaning an anti-parallel 
orientation, i.e. a ferrimagnetic state). As the main result we identify two mechanisms which may be responsible 
for a lower value of magnetic moment determined in experiment, which amounts only to about 0.1 B per 
formula unit. Namely, we demonstrate that the total energy of the non-magnetic state is only by 10.73 
meV/atom higher than that of the lowest-energy spin-polarized state. When employing Boltzmann statistics, it 
turns out that, for instance, 22.36 % of the sample will be in a non-magnetic state at temperature of 100 K. 
Further, we show that Fe2AlTi compound exhibits tension-compression asymmetry with respect to trigonal 
deformation. In particular, the trigonal strain of  = -0.08 destabilizes the ferrimagnetic lowest-energy state in 
favor of the non-magnetic one, i.e. the non-magnetic state becomes the only stable one. Therefore, if these 
trigonal strains appear in experimental samples, the strain-induced phase transition from ferrimagnetic to non-
magnetic state can reduce the overall magnetization detected in experiments. In future we plan to extend our 
study to other shape deformations (see, e.g., Refs. [24-36]) and prediction of elastic properties of samples 
containing both spin-polarized and non-magnetic states with their specific elastic properties (for multi-phase 
homogenization techniques see, for example, Ref. [37]).  
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Abstract  

Fe-Al-based nanocomposites with a superalloy-type of microstructure constitute a very promising class of 
materials. They possess a great potential as an alternative to the currently used steel grades in high 
temperature applications. Intermetallics-containing nanocomposites, such as those with the Fe3Al compound 
being one of the phases, may open a way towards future automotive and energy-conversion technologies with 
lower fuel consumption and reduced environmental impact. We employ quantum-mechanical calculations to 
analyze relations between ordering tendencies of Al atoms in the disordered Fe-18.75at.%Al phase on one 
hand and thermodynamic, structural and magnetic properties of Fe-Al-based nanocomposites on the other. 
When comparing supercells modeling disordered Fe-Al phase with different atomic distribution of atoms we 
find out that the supercell without 1st and 2nd nearest neighbor Al-Al pairs has a lower energy than that 
mimicking a perfect disorder (a special quasi-random structure, SQS). Further, coherent interfaces with (001), 
(110) and (1-10) crystallographic orientations between Fe3Al compound and SQS Fe-Al phase have higher 
energies than those exhibiting atomic distribution without 1st and 2nd nearest neighbor Al-Al pairs. 

Keywords: Nanocomposites, Fe-Al based superalloys, ab initio calculations, interface energies 

1. INTRODUCTION  

The development of new lightweight metallic materials is critically important for many energy-conversion units 
and automotive and aerospace applications. Low-cost low-density materials operating at higher temperatures 
would mean lower fuel consumption or environmentally cleaner and more efficiently produced electricity. To 
invent new strategies in materials design of these advanced materials, a thorough understanding of 
fundamental mechanisms in existing lightweight alloys has to be achieved. Two basic options in materials 
optimization are their chemical composition and structure. Both characteristics are mutually interlinked and 
inherently multi-scale in their nature what makes them challenging to study. We address these fundamental 
aspects for an important class of lightweight materials, iron-rich Fe-Al alloys. Iron aluminides represent a very 
promising class of intermetallics with a great potential for substituting stainless steels at elevated and high 
temperatures. Noteworthy is their excellent chemical resistance to corrosion and sulfidation processes [1], low 
cost of their constituents, high strength, and particularly their density (5700-6700kg/m3), lower than that of 
steel. Unfortunately, a wider use of Fe-Al-based materials is partly hampered by their moderate ductility at 
ambient temperatures and low strength at elevated temperatures.  
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Figure 1 Schematic visualization of 32-atom √2 x √2 x 1 (times 16 atoms) supercells used in our ab initio 
calculations: (a) the ordered intermetallic compound Fe3Al with the supercell stoichiometry Fe24Al8, (b) 
special quasi-random structure (SQS) as a model for a perfectly disordered phase with the supercell 

stoichiometry Fe26Al6 and (c) a disordered supercell without any 1st and 2nd nearest neighbor Al-Al pairs 

Consequently, current materials-design activities are focused on obtaining a comprehensive understanding of 
the dependence of materials properties on the structure and composition. We employ quantum-mechanical 
calculations to address relations between thermodynamic, structural and magnetic properites of a disordered 
Fe-18.75at.%Al phase on one hand and different distributions of Al atoms in this phase on the orther. 
Subsequently, we also analyze the impact of different atomic distributions on the interface energies when the 
Fe-18.75at.%Al phase coherently co-exists with the Fe3Al intermetallics. 

2. COMPUTATIONAL METHODOLOGY  

Our first-principles calculations were performed within the framework of density functional theory [2, 3] using 
the Vienna Ab initio Simulation Package (VASP) [4, 5] and projector augmented wave pseudopotentials [6, 7]. 
The exchange and correlation energy was treated in the generalized gradient approximation as parametrized 
by Perdew and Wang [8] using the Vosko-Wilk-Nusair correction [9]. We used a plane-wave energy cut-off of 
350 eV and a 6x6x10 Monkhorst-Pack k-point mesh in the case of 32-atom √2 x √2 x 1 (times 16 atoms) 
supercells for calculations of properties of individual phases (see Figure 1).  

 

Figure 2 Visualization of supercells used to model (001) interfaces between the ordered Fe3Al compound on 
one hand and the Fe-18.75at.%Al phase described by (a) a fully disordered distribution of Al atom in an iron 

matrix (a special quasi-random structure, SQS) or (b) a distribution of Al atoms without any 1st and 2nd 
nearest neighbor Al-Al pairs 
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We have used a 32-atom supercell for the Fe3Al compound (a supercell in Figure 1a has the stoichiometry 
Fe24Al8) as well as for the disordered Fe-18.75at.%Al phase. In the latter case we have used two different 
supercells (Figure 1b, c) with the stoichiometry Fe26Al6 with different internal distribution of atoms. One 
supercell (Figure 1b) has the atoms distributed according to a special quasi-random structure (SQS) concept 
[10] and we obtained it from the USPEX code [11-13]. Another supercell has a distribution of Al atoms without 
any 1st and 2nd nearest neighbor Al-Al pairs (Figure 1c). When modeling interfaces, we have employed 64-
atom supercells which are shown in Figure 2 for the (001) interface and in Figure 3 for the (110) and (1-10) 
interfaces. The corresponding k-point meshes were 6x6x5 in the case of supercells with the (001) interfaces 
and 6x3x10 in the case of (110) and (1-10) interfaces. The formation of a phase with m atoms of Fe and n 
atoms of Al was computed from the energy of this phase E(FemAln) using the formula E(FemAln) - m*Fe - 
n*Al)/(m+n) where Fe and Al are chemical potentials of ferromagnetic bcc Fe and non-magnetic fcc Al, 
respectively. 

 

Figure 3 Visualization of supercells used to model interfaces between the ordered Fe3Al compound and the 
Fe-18.75at.%Al phase described either by a fully disordered SQS distribution of Al atoms in an iron matrix 
(a,b) or by a distribution of Al atoms without any 1st and 2nd nearest neighbor Al-Al pairs (c,d) in the case of 

(110) interfaces (a,c) and (1-10) interfaces (b,d) 
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Table 1 Quantum-mechanically calculated formation energies (in eV/atom), equilibrium atomic volumes (in  
   Å3/atom) and total magnetic moments per 32-atom supercell as obtained for the compound Fe3Al  
  and two models for disordered Fe-18.75at.%Al phase - either with a fully disordered special quasi- 
  random structure (SQS) or with a partly ordered distribution of Al atoms when there are no 1st and  
  2nd nearest neighbor Al-Al pairs. Selected results are compared with ab initio calculations from Ref.  
  [14] (where a little bit different computational set-up was used). 

Properties of 32-atom supercells  compound Fe3Al Fe-18.75at.%Al   
SQS  

Fe-18.75at.%Al  
no 1st & 2nd Al-Al 

Formation energy (eV/atom) -0.194 (-0.202 [14]) -0.119 -0.144 

Atomic volume    (Å3 per atom) 11.78 (11.82 [14]) 11.84 11.76 

Magnetic moment (B per 32 atoms) 47.51 56.57 55.49 

3. RESULTS  

Table 1 summarizes formation energies, equilibrium volumes per atom as well as total magnetic moments of 
both Fe3Al compound and two supercells modeling Fe-18.75at.%Al phase. Regarding the Fe3Al, our current 
results are in excellent agreement with those previously published in Ref. [14] despite of the fact that a different 
set of pseudopotentials and different parametrization of the exchange-correlation functional was used there. 
As far as the Fe-18.75at.%Al phase is concerned, the formation energy of the supercell with no 1st and 2nd 
nearest neighbor Al-Al pairs is clearly lower than that of the SQS supercell and, therefore, the former is 
predicted to represent the equilibrium structure. This lower-energy distribution of atoms has also a little bit 
lower total magnetic moment (55.49 B per 32 atoms) than the SQS structure (56.57 B per 32 atoms). 
Employing a magneto-volumetric argument, which was successfully used to explain a lattice parameter 
composition anomaly in Fe-Al alloys in Ref. [14], we can then also understand why the equilibrium volume per 
atom is lower in the phase with the lower total magnetic moment, i.e., the lower the magnetic moment, the 
lower the volume. This lower volume in the case of the lower-energy atomic distribution is critically important 
for the existence of a superalloy microstructure in which both phases (Fe3Al and Fe-18.75at.%Al) coherently 
co-exist because a too big lattice parameter mismatch between them would not allow for a coherency. 
Regarding the Fe3Al compound and the Fe-18.75at.%Al phase modeled by a distribution without any 1st and 
2nd nearest neighbor Al-Al pairs, the equilibrium atomic volumes are nearly identical, 11.78 and 11.76 Å3 per 
atom, respectively.  

Table 2 contains our ab initio calculated interface energies between Fe3Al compound and our two models for 
the disordered -phase Fe-18.75at.%Al - either the SQS or partly ordered distribution of Al atoms when there 
are no 1st and 2nd nearest neighbor Al-Al pairs. In general, the interface energy of a composite consisting of 
phases “phase-1” and “phase-2” is computed from the energy of the studied composite E(phase-1/phase-2) 
lowered by energies of the two individual phases E(phase-1) and E(phase-2) and this difference is divided by 
twice the interface area A, i.e. E(phase-1/phase-2) - E(phase-1) - E(phase-2)]/2*A, where the interface area is 
included twice because there are two interfaces per computational composite supercell (due to the periodic 
boundary conditions). The interface energies for the nanocomposites formed by Fe3Al and Fe-18.75at.%Al 
phase with the SQS model for the -phase are very low and very similar for different crystallographic 
orientations of interfaces. Therefore, if this scenario occurs in reality, it is unlikely that any well-shaped 
inhomogeneities (e.g., cuboids) would form because there is very little thermodynamic preference for any of 
the studied interface orientations. 

The interfaces energies between Fe3Al and the Fe-18.75at.%Al -phase modeled by a supercell without any 
1st & 2nd nearest neighbor Al-Al pairs turned out to be very small and negative for all three crystallographic 
orientations of the interface. This seemingly unexpected result can be explained as follows.  
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Table 2 Ab initio computed interface energies between Fe3Al compound and our two models for disordered  
   -phase Fe-18.75at.%Al - either a fully disordered special quasi-random structure (SQS) or a partly  
   ordered distribution of Al atoms when there are no 1st and 2nd nearest neighbor Al-Al pairs.  

Interface energies (J/m2)  (110) (1-10)  (001) 

Fe3Al/Fe-18.75at.%Al - SQS full disorder 0.020 0.022 0.019 

Fe3Al/Fe-18.75at.%Al - no 1st & 2nd Al-Al -0.005 -0.004 -0.004 

First, our model for the -phase without any 1st & 2nd nearest neighbor Al-Al pairs can be considered as a 
particular form of Fe3Al with two point defects, i.e. two Al atoms replaced by Fe atoms (compare Figure 1a 
and Figure 1c). It should be also mentioned that the energy gain per atom in the calculated types of 
nanocomposites (visualized in Figures 2 and 3) compared with the energy of independent phases  
(Figure 1) is extremely low, only about 0.0004 - 0.0005 eV per atom, and this value is, in fact, lower than the 
error bar of our calculations. Thermodynamically, the fact that the formation of interfaces does not cost nearly 
any energy when the phase neighboring Fe3Al is just point-defected Fe3Al itself is also perfectly in line with a 
very broad homogeneity range of Fe3Al (see the Fe-Al phase diagram, e.g., in Ref. [14]). This type of 
nanocomposite could be probably considered as a one-phase material, i.e. Fe3Al compound with quite a high 
number of point defects.  

4. CONCLUSIONS  

We have used ab initio calculations to test a possibility of formation of a superalloy-type of nanocomposite 
microstructure in the case of Fe-Al where the ordered intemetallics Fe3Al with the D03 structure coherently co-
exists with a disordered solid solution of Al in Fe (the -phase) with the composition Fe-18.75at.%Al. In order 
to examine the impact of different distributions of Al atoms in the -phase on the thermodynamic, structural 
and magnetic properties of both the -phase and the nanocomposites, we have employed two different types 
of distribution of Al atoms, a special quasi-random structure (SQS) mimicking a perfect disorder and a 
distribution without any 1st and 2nd nearest neighbor Al-Al pairs. All individual phases were modeled by 32-
atom supercells and the nanocomposites were just equal-molar-amount combination of these stacked in 
different crystallographic directions. The -phase distribution without the 1st and 2nd nearest neighbor Al-Al 
pairs is found to have a lower formation energy than the SQS, and is thus thermodynamically preferred to 
occur if conditions permit, and it has also by 1.9 % lower volume and by 0.68 % total lower magnetic moment 
than the SQS phase.  

Regarding the nanocomposites, those combining Fe3Al compound with the SQS -phase have very low 
interface energies (0.019 - 0.022 J/m2) which are very similar for all three studied crystallographic orientations 
of the interface, (110), (1-10), (001). The nanocomposites with the -phase distribution without the 1st and 2nd 
nearest Al-Al pairs exhibit the interface energies lower than in the case of the SQS distribution of atoms in the 
-phase. They reach even negative values, from -0.004 to -0.005 J/m2. The reason for this is two-fold. First, 
the distribution of Al atoms without 1st and 2nd nearest neighbor Al-Al pairs is, in fact, the same as in the Fe3Al 
ordered compound and our model for the -phase could be considered as Fe3Al with a few point defects. 
Considering a very wide homogeneity range of Fe3Al, our composites can be considered as alternation of 
perfect and point-defected Fe3Al. Second fact to be taken into account is the actual energy gain to form the 
studied nanocomposites with the negative interfaces energies which is extremely low, only 0.0005 eV/atom 
what is, in fact, lower than the error bar of our calculations. 

In future, we would like to extend our study to elastic properties of the above discussed nanocomposites and 
compare them with the elasticity of individual phases (see, e.g. Ref. [15]) as well as predict changes in 
thermodynamic properties of these nanocomposites due to the existence of internal interfaces separating the 
phases (see the impact of grain boundaries on the melting temperature in Ref. [16]). 
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Abstract 

A combination of electrospinning, a well-known technology for producing nanofibrous structures, and carbon 
nanotubes is presented in this work. Electrospinning is technology offering many arrangement options. The 
needleless electrospinning with three different types of fiber generating electrodes (spinners) was used to 
produce electrospun polymeric nanofibers doped with carbon nanotubes. The study is focused on description 
of electrospinning process with different types of spinners with respect to final fiber morphology represented 
by fiber diameters. The comparison between production of blank AC and DC electrospun nanofibrous layers 
and nanofibrous layers reinforced with carbon nanotubes is studied here as well. 

Keywords: Electrospinning, composite nanofibers, carbon nanotube 

1. INTRODUCTION 

The process of electrospinning has to be based on high voltage source. Until now, mostly DC (direct current) 
high voltage sources have been used in the industry and in laboratories [1]. Only a few publications, for 
example [2, 3], have studied application of AC (alternating current) high voltage sources for the electrospinning 
process. In both cases, the electric forces are applied to polymer solution or polymer melt to drive the fiber 
spinning process. The DC electrospinning requires a grounded collector to achieve the electrical potential 
difference and can be used in needle or needle-less form. On the other hand, the AC electrospinning is 
needleless and collectorless [2]. Alternately charged nanofibrous groups from successive emissions attract 
each other so they are working as the virtual collector. 

The parameters, that can be changed, can be divided into two groups [4]: material conditions and process 
conditions. Material conditions are type of polymer, its molecular weight, concentration in solution, temperature 
of melts, surface tension, viscosity and electrical conductivity of used polymer solution or melt, additives, etc. 
Among process parameter belong applied voltage, working distance (for DC electrospinning), type and shape 
of spinning electrode, type of collector and of course ambient conditions, such as room temperature and 
humidity. 

The electrospinning modifications influenced by material or process conditions changes are for example these: 
fiber orientation (alignment), fiber patterning, type of spinning electrode, 3D fibrous objects by change, porous 
fibers, hybrid yarns or nanofibrous yarns [5]. 

The production of composite nanofibers requires not only special polymer solution preparation but it also 
follows different tendencies during AC or DC electrospinning process. The carbon nanotube addition into 
solution change not only material conditions, but also process parameters have to be adapted. The type of 
spinning electrode can have influence on the final DC electrospun fiber morphology, even if there is no addition 
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of other materials into the used polymer solution [6]. The AC electrospinning also reacts very sensitively to 
changes of material condition, because the relaxation time is very important parameter here. 

The comparison of so called blank samples of polymeric nanofibers produced by DC and AC electrospinning 
with composite nanofibers reinforced by carbon nanotubes is presented in this article. Also different types of 
spinning electrodes for DC electrospinning of simple polymer fibers and composite fibers are compared.   

2. MATERIALS AND METHODS 

The Poly(vinyl butyral) (PVB, Mowital B60H, Kuraray America, Inc., with an average molecular weight of 
60,000) was used in a form of 10wt% solution in ethanol. The solution for composite nanofibers electrospinning 
contains carbon nanotubes (MWNTs, Sigma-Aldrich; purity 95 %; length 5 m; diameter 6-9 nm) in 2.5 wt% 
of polymer dry matter. The dispersion of nanotubes was carried out by ultrasound (ultrasonic exposure time 
90 s, ultrasonic power 175 W, ultrasonic frequency 20 kHz) in ethanol and then the polymer was added.  

The prepared solutions were electrospun by DC and AC electrospinning. For DC electrospinning, the needle-
less electrospinning device based on rotating cylinder wetted in solution bath was used. Three different 
spinning electrodes - rollers were used for DC electrospinning of blank PVB solutions and composite solutions: 
a smooth roller, a roller with spikes and a string roller. The spinning rollers were made of electrically conductive 
material. The string cylinder produces fibers on strings that are stretched in the axis of the roller. There are a 
total of 4 strings uniformly distributed over the circumference of the cylinder. The roller with spikes contains 6 
rows of spikes around the perimeter of the roller, each row consisting of 9 spikes. There are 54 spikes on the 
roller surface. The smooth roller does not have any special shaping. The spinning electrode was connected to 
direct current high voltage source and a collector in the form of metal plate was grounded. The spunbond 
nonwoven supporting material was placed under the collector. The process parameters for direct current 
electrospinning were: spinning electrode to collector distance - 17 cm; spunbond speed - 5 cm/min.; spinning 
roller frequency - 9 rpm; ambient air humidity - 27 %RH; ambient temperature - 21 °C; spinning electrode roller 
applied electrical voltage - 56 kV (positive polarity). 

The AC electrospinning was done on device consisting of hollow rod spinning electrode by which polymer 
solution was dosed. The inner electrode diameter was 4 mm and the rod was made of aluminium. The 
alternating current electrospinning experiments were conducted using a high voltage transformer (24,000 
V/100V ratio) powered by a 0-230 V variable transformer. The voltage applied on the rod spinning electrode 
was 24 kV at the frequency of 50 Hz. 

The composite fibers were studied by thermogravimetric analysis (TGA) performed on instrument Q500 (TA 
Instruments, USA). The thermogravimetric analysis was carried out in a reactive atmosphere, e.g. in synthetic 
air, which was composed of 20% oxygen and 80% nitrogen. The platinum pans with a volume of 100 μl were 
used as a sample holder. The TGA set up was: temperature speed - 20 °C/min; maximum temperature - 
670 °C; synthetic air flow - 60 ml/min; weight of each sample - 10 mg.  

3. RESULTS AND DISCUSSION 

All the solutions were electrospun by all of the electrospinning techniques described above. DC electrospinning 
of blank samples did not produce a uniform layer. The electrospinning was possible, but only from the edges 
of the roller. The AC electrospinning had no problems. The DC electrospinning of composite solution has the 
same tendency; the smooth roller did not achieve a uniform layer. The best sample, according to the 
electrospinnability and with respect to the structure and amount of defects in the layer, seems to be a sample 
made with a string roller. The scanning electron images representing all the DC electrospun samples can be 
seen in Figure 1 and Figure 2, the AC electrospun samples images are shown in Figure 3. The average fiber 
diameter was calculated by means of image analysis from three hundred individual fiber measurement in each 
sample.  
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Figure 1 Scanning electron images of DC electrospun PVB fibrous layers produced by means of smooth and 

string cylinder and cylinder with spikes as a spinning electrode. There are three different images for each 
sample. Scale bar from left: 100 µm; 20 µm and 10 µm 

The average diameter of blank samples (PVB) produced by DC electrospinning were: smooth roller - diameter 
266 ± 66 nm; string roller - 244 ± 79 nm; roller with spikes - 267 ± 95 nm. The average composite fiber (with 
2.5wt% CNTs) diameters for DC electrospun samples were: smooth roller - diameter 657 ± 252 nm; string 
roller - 869 ± 342 nm; roller with spikes - 500 ± 232 nm. It is necessary to note, that the electrospun nanofibrous 
layer made by roller with spikes contains many defects uniformly distributed in the structure. AC electrospun 
blank PVB fibers average diameter was 607 ± 187 nm and AC electrospun composite fibers average diameter 
was 695 ± 185 nm. 
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Figure 2 Scanning electron images of DC composite electrospun fibrous layers produced by means of 

smooth and string cylinder and cylinder with spikes as a spinning electrode. There are three different images 
for each sample. Scale bar from left: 100 µm; 20 µm and 10 µm 

It is obvious, that carbon nanotubes addition increases the fiber diameter. The fact is clear mainly for DC 
electrospinning. When the AC electrospinning is taken into consideration, the fiber average diameters are not 
so significantly different. The comparison of three spinning electrode cylinders for DC electrospinning showed 
different final fiber morphology for composite nanofibers only. The blank samples did not have significant 
differences in the average fiber diameters. 
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Figure 3 Scanning electron images of AC electrospun fibrous layers produced from PVB solution (upper) 
and composite PVB solution with carbon nanotubes (lower). There are three different images for each 

sample. Scale bar from left: 500 µm; 50 µm and 10 µm 

However, diameters of composite nanofibers are significantly different. It is obvious that spinning electrode 
roller geometry influenced not only fiber diameter but complete fiber layer morphology. The smallest average 
fiber diameters were produced by the roller with spikes but contained the most defects. The largest average 
fiber diameters were measured on the string roll, but the fibrous layer was the most homogeneous and almost 
defect-free. This is apparently due to the different distribution of the electric field on the spinning electrodes. 
When carbon nanotubes were in the spinning solution and increased the electrical conductivity of the solutions, 
the spinning electrode geometry appeared to be more pronounced. 

The distribution of electric field intensity on spinning electrodes was simulated using the Comsol Multiphysics 
software. This simulation should help to better understand the electrical field's occurrences between the 
spinning electrode and the collector and thus explain the morphology differences in final fibrous composite 
structures made by DC electrospinning. The simulation was created as a graphical interpretation of the 
electrical potential and the intensity of the electric field. In the simulation this set up was used: Neutral 
environment; the spinning electrode charged at 56 kV; the grounded collector; the spinning electrode holder 
made from a non-conductor. The colour of final graphical results (see Figure 4) represents an electrical 
potential, the contours represent the intensity of the electric field and the arrows represent the field lines of the 
electric field. 
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Figure 4 Examples of graphical results from simulation of electric field distribution for DC electrospinning 
with three different fiber generators - cylinder electrodes: smooth roller (upper), string roller (middle), roller 
with spikes (lower). Photos of the cylinder electrodes used for the real experiments are enclosed with each 

simulation results  

The concentration of the electric charge is the most significant in the areas that are formed by the edge, not 
the smooth surface. In these places, Taylor cones are formed more preferably than on smooth surfaces. Blue 
contours illustrate the locations where the highest electrical charge concentration is associated with the value 
of the field strength. For the roller with spikes, the field intensity is highest at the top of each spike. On a smooth 
roller, the intensity is greatest at the edges. Practically it means that Taylor cones are formed mainly at the 
edges of the spinning electrode. This helps explain the differences in the final morphology of the fibers made 
from these spinning electrodes. 
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All the composite electrospun fibers contain carbon nanotubes because of their uniform grey colouring, but the 
amount of carbon nanotubes inside the final fibrous material is not necessarily the same as in the spinning 
solutions. According to TGA analysis, there is not significant influence of used spinning electrode geometry. 
The resulting final CNTs content in the composite fibrous samples produced by different electrospinning 
methods were: smooth cylinder - 1.39±1.11 %; string cylinder - 1.17±0.45 %; cylinder with spikes - 
1.40±0.27 %; AC electrospun sample - 2.21±0.22 %.  

4. CONCLUSIONS 

This paper compares the electrospinning of polymer and composite fibers from different spinning electrodes, 
as well as direct current electrospinning and alternating current electrospinning. Optimal DC electrospinning 
of PVB solution, where a uniform layer with almost no defects was formed, was produced using the string 
roller. The lowest quality electrospun material was from the smooth roller. Although the roller with spikes has 
produced fine fibers due to the high intensity of the electrical field on the spikes, many defects have also been 
produced. This is supported by a graphical simulation of the distribution of the electric field on individual 
spinning electrodes. Whereas on the smooth roller the electric charge concentrated mainly on the edges of 
the spinning electrode, in the case of the string roller, the distribution of the electric field was more uniform. In 
the production of composite fibers by these processes, significant differences were observed between the 
resulting fiber diameters. The amount of defects increased in the nanofiber layer not only with the change of 
the spinning electrode but also with the presence of carbon nanotubes in the polymer solution. The results of 
TGA analysis showed that nanofibers did not incorporate the whole amount of carbon nanotubes from the 
solution, but only about half of them. In the case of AC electrospinning on the other hand, almost the whole 
amount of carbon nanotubes was present in the resulting fibers. The study of the production of composite 
nanofibres using different types of spinning generators for DC electrospinning and different types of 
electrospinning (DC versus AC) will continue with the change in the amount of carbon nanotubes added to the 
basic spinning solution. 
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Abstract 

This work examines possible correlation between electromagnetic shielding efficiency and resistivity of 
thermoplastic polymer nanocomposites with carbon nanotubes. Polyoxymethylen was used as basic matrix to 
which nanoparticles in the weight percentage ratio were added. Multi-walled carbon nanotubes in various 
percentages by weight ratio were used as filler. The nanocomposite was made by the Arburg injection molding 
machine. For evaluation of electrical properties electromagnetic shielding effectiveness and resistivity of the 
final nanocomposite with and without nanofillers was evaluated. These results are compared and discussed. 
Correlation between electromagnetic shielding efficiency and resistivity of thermoplastic polymer 
nanocomposite is evaluated and prediction model is introduced in the conclusion. 

Keywords: Carbon nanotubes, nanocomposite, electromagnetic interference, injection molding 

1. INTRODUCTION 

In the past ten years, extensive research and development have been carried out in the field of polymer 
composite production. On an industrial scale, melt processing has become the method of choice to incorporate 
many different types of filler. Nowadays, a wide variety of melt compounding technology is available which is 
applicable to polymer-CNT nanocomposite production [1]. Growing application of these nanocomposites in 
electrostatic discharge (ESD), electro-conductive (EC), electromagnetic interference (EMI) and radio 
frequency interference (RFI) applications. A conductive compound in manufactured products is dominated by 
injection moulding caused by fast growing demand for electronics goods and automotive components. Carbon 
nanotubes have a many properties (mechanical and physical) that make them attractive for use in a broad 
spectrum of applications, especially as filler for nanocomposites [2].   

A carbon nanotube (CNT) is a single sheet of graphite rolled into a cylinder several microns in length and a 
few nanometers in diameter. Nanotubes can take two forms: single-walled and multi-walled. Single-walled 
nanotubes consist of one layer of carbon atoms through the thickness of the cylindrical wall. Multi-walled 
carbon nanotubes, which were the first to be discovered, consist of concentric cylinders around a common 
central hollow with a constant separation between the layers close to the graphite interlayer spacing (0.34 nm). 
Each individual cylinder can be characterized by a different helical angle and has a diameter ranging from 2 
to 25 nm and a length of several microns [3].  

During the 20th century, environmental exposure to man-made electromagnetic fields has been steadily 
increasing as growing electricity demand, ever-advancing technologies and changes in social behavior. 
Sources of such emissions could include generation and transmission of electricity, domestic appliances and 
industrial equipment, telecommunications and broadcasting. If the electromagnetic waves are not isolated 
effectively, they will cause interference with each other and result in technical errors. Metal is considered to be 
the best electromagnetic shielding material due its conductivity and permeability, but it is expensive, heavy, 
and may also have thermal expansion and metal oxidation, or corrosion problems associated with its use [4]. 
It is necessary to use a higher weight percentage in the polymer matrix, about 30%. In contrast, carbon 
nanotubes are very low density fillers, have excellent EMI properties and are well dispersed in polymer 
matrices [5]. In this work are MWCNT used as a filler in Polyoxymethylen (POM) polymer matrix and examined 
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the effect on the nanocomposite using electron microscopy and measurement of electromagnetic interference 
and resistivity. 

2. EXPERIMENAL 

2.1. Material 

PLASTICYL POM1001 is a conductive masterbatch based on polyoxymethylen loaded with 10 % MWCNTs 
(NC7000™) from Nanocyl Company. For mixing was used pure polyoxymethylen with trade name Hostaform 
C9021 from Ticona Company. The masterbatch was used as the parent matrix from which mixed polymer 
blends. There was chosen 1, 2, 5 % weight ratio of multi wall carbon nanotubes. This percentage of the 
nanotubes was chosen because of good electrical properties with a small proportion of nanotubes in the matrix. 
Melting temperature varies around 210 °C. The material was dried before processing at 120 °C for 4 hours. 
The result of surface resistivity of POM without MWCNTs is 1x1013 Ohm.cm. Electromagnetic shielding 
efficiency of pure matrix POM is zero. 

2.2. Method 

For injection molding was used standard column-mounted injection machine ARBURG 270S 400-100. It was 
crucial to set proper plastication and injection moulding parameters (see Table 1) mainly with regard to thermal 
and shear loading. Aggregate TA3 was used for injection mould tempering. Temperature of melt was 245 (°C). 
Injection rate was 30 (cm3/s) and size of holding pressure 750 (bar). Holding pressure time for the samples 
was 20 (s). The mould has cooling channels both on the part of die and part of punch and it was tempered on 
the temperature 90 (°C) for both sides of injection mould. 

Table 1 Injection moulding parameters 

Barrel Temperature (°C) Injection Speed 

Zone 5 Zone 4 Zone 3 Zone 2 Zone 1 (cm3/s) 

245 240 240 235 230 30 

Resistivity measurement was carried out according to ČSN EN ISO 3915. On test samples was measured 
volume resistivity of the device consisting by potentiometric electrodes which comply with the standards, see 
Figure 1. Measuring equipment consisting of power supply, voltmeter and ammeter, see Figure 2. As the 
power supply was used Hadex G855, as a voltmeter was used digital multimeter Agilent 34411A, as ammeter 
was used digital multimeter Agilent 34401A. The distance between the potentiometric electrodes is 1 (cm). 
Measurements were carried out at a voltage of U = (V) for all samples. The temperature was 22 (°C) and 
relative humidity in the room was 55 (%). Measurement was performed always on 10 specimens. 

                      

             Figure 1 Potentiometric electrodes                                Figure 2 Power supply, voltmetr, ammeter 
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Electromagnetic interference measurement was carried out according to ASTM D4935-10. This standard 
works for frequencies from 30 MHz to 1.5 GHz. On test samples was measured electromagnetic interference 
efficiency on the device consisting of a coaxial sample holder (Electro-Metrics, Inc., Model EM-2107A), see 
Figure 3 and measuring equipment Rhode & Schwarz ZNC3 circuit analyzer, which was used to generate and 
receive the electromagnetic signal, see Figure 4. The temperature was 22 °C and relative humidity in the room 
was 55 %. The size of the test samples was 150x150x2 mm. Measurement was performed on 10 specimens. 

 

Figure 3 Coaxial sample holder from company 
Electro-Metrics Inc. model EM-2107A 

 

Figure 4 Electromagnetic shielding efficiency meter 
with Rhode & Schwarz ZNC3 circuit analyzer  

3. RESULT AND DISCUSSION 

At composite processing there was presumption that foliation of the multi wall carbon nanotubes is 
homogenous as it is written in [6-9]. We can see fracture surface of nanocomposite POM with 5% weight of 
MWCNT after cryogenic freezing and after fracture on Figure 5. There is also shown the homogeneous 
distribution of MWCNT in the thermoplastic polymer matrix POM and only small MWCNT agglomerates of 
maximum size 1 micrometer. Figure 5 also confirms that it is a prerequisite for creating a 3D network that has 
influence on electrical and electromagnetic interference properties. 

 

Figure 5 The homogeneous dispersion of MWCNT in POM nanocomposites with 5% weight ratio of MWCNT 

On 1, 2, 5 (%) wt. ratio CNT´s in polymer blends made from masterbatch Plasticyl POM1001 was measured 
volume resistivity. Measurements of volume resistivity show us how good the material is conductor of electric 
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charge. Measurements were performed on 10 samples of each polymer blend. The resulting values of volume 
resistivity we can see in Table 2 and Figure 6. 

Table 2 Volume resistivity of polyoxymethylen 

Polyoxymethylen Neat polymer 1 % wt. of CNT´s 2 % wt. of CNT´s 5 % wt. of CNT´s 

Volume resistivity [Ohm.cm] 1 x 1013 4.52 x 102 6.06 0.65 

Standard deviation 1 x 102 50 2.4 0.2 

The resulting samples polymer blend with MWCNT indicates that this nanocomposite is a conductive plastic 
and that is good conductor of electric charge. These results also indicate that there was a homogeneous 
dispersion of MWCNTs and the injection moulding had not a great influence on the conductivity of the 
nanocomposite. 

 

Figure 6 Dependence of electromagnetic shielding efficiency on MWCNT content in PBT 

On 1, 2, 5 (%) wt. ratio MWCNT´s in thermoplastic polymer nanocomposites was also measured 
electromagnetic shielding efficiency from frequency 30 MHz to 1.5 GHz. Measurements show us, how good 
nanocomposites are for electromagnetic interference applications. Measurements were performed on 10 
samples of each nanocomposite with different percentage ratio of MWCNT. The resulting values of 
electromagnetic shielding efficiency, we can see in Table 3. 

Table 3 Determination of percent shielding efficiency 

Electromagnetic shielding efficiency SE [dB] for frequency 1.5 GHz 

 1% wt. of MWCNT 2% wt. of MWCNT 5% wt. of MWCNT 

Polyoxymethylen 4.2 11.39 27.08 

Standard deviation 0.34 0.98 1.06 

The resulting nanocomposites with 1, 2, 5% ratio of MWCNT indicates that these nanocomposites are a 
conductive plastics. POM with 5% weight ratio of MWCNT shows very good electromagnetic interference 
27 dB for frequency 1.5 GHz. It is 99.9 percentage of shielding effectiveness. These results also indicate that 
there was a homogeneous dispersion of MWCNTs (as shown Figure 4) and the injection moulding had not a 
great influence on the electric and electromagnetic properties of the nanocomposites. Figure 7 shows the 
dependence of the electromagnetic shielding effect on the 1.5 GHz frequency. 
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Figure 7 Dependence of electromagnetic shielding efficiency on MWCNT content in PBT 

Correlation between electric conductivity and shielding effectiveness  
The electromagnetic interference shielding efficiency needs to use special devices. Simpler are measurements 
of surface or volume resistivity. It is known from theory that at sufficiently high frequencies it is possible to 
measure characteristics of electrical part of electromagnetic field only and therefore it should be mathematical 
relation between total shielding effectiveness SE [dB] and fabric resistivity or conductivity.  

Based on extensive experiments it was found out that there is a statistical dependence between SE and 
electrical resistivity of samples. We can observe two areas: area below percolation threshold and area above 
percolation threshold (for sufficiently high content of conductive component). The most suitable (for 
nanocomposites) is prediction based on volume resistivity by this mode [4, 10]:  

                                      (1) 

where SE is electromagnetic shielding efficiency [dB], K1 and K2 are constants dependent on frequency and 
polymer material. The prediction ability of this linear model is restricted to the higher content of conductive 
component above conductivity percolation threshold. Figure 8 shown dependence of SE on natural logarithm 
of volume resistivity with the expressed dependence and the interlaced power function. The resulting 
regression models were obtained using the least squares method. Pearson's correlation coefficient of 0.89 
indicates a high correlation of the measured results. 

 
Figure 8 The dependence of SE on natural logarithm of volume resistivity for POM nanocomposite with 

MWCNT interleaved by a power function with its expression 
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CONCLUSION 

The progression of composites with thermoplastic and carbon nanotubes is a constantly evolving process that 
will be influenced by expanding number of application possibilities, using not only excellent electrical properties 
of such nanocomposites. These properties and application potentials will be influenced not only by the type 
and form of nanotubes, their percentage weight ratio, but also the type and kind of the polymer matrix. Picture 
from SEM and results indicate that there is a homogeneous dispersion of MWCNTs and the injection moulding 
had not a great influence on electrical and electromagnetic properties of the nanocomposites. Measurements 
of electromagnetic shielding efficiency show that the POM nanocomposite with 5 % weight ratio have good 
electromagnetic interference 27 dB for frequency 1.5 GHz and it is 99.9 percentage of shielding effectiveness. 
These properties enable wide use of this nanocomposite, such as applications requiring superior electrostatic 
discharge (ESD) properties, electrically conductive parts (EC), electrical and electronics (E&E) and 
electromagnetic interference (EMI) parts. It was confirmed that using the regression model SEPOM=-3.228 
ln(ρV) + 22.72, it is possible to predict electromagnetic shielding efficiency for POM nanocomposite with a wall 
thickness of 2 mm based on knowledge of the electrical properties of nanocomposites above percolation 
threshold. Influence of change of processing parameter will be examined in the near future. 
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Abstract  

In the present work, 2-dimensional graphene nanosheets were synthesized, characterized and subsequently 
modified for gas sensor and electrochemical measurements. We used microwave plasma torch discharge 
(2.45 GHz) operating at atmospheric pressure conditions. Argon was used as the working gas and ethanol 
vapors, carried by argon, were used as precursor for carbon nanosheets synthesis. Characteristic high 
surface-to-volume ratio of prepared material, together with structural defects and various chemical groups on 
the surface serve as powerful combination for fast conductance changes upon adsorption. Therefore, prepared 
material consisting of graphene nanosheets was modified to perform different electrochemical measurements 
including gas sensing of ammonia and cyclic voltammetry characterization using several redox species. Our 
samples were analyzed by scanning electron microscopy, Raman spectroscopy and X-ray photoelectron 
spectroscopy to obtain an exact insight into the behavior of prepared sensors. 

Keywords: Graphene, electrochemistry, sensor, microwave plasma 

1. INTRODUCTION 

Graphene [1] and other two-dimensional atomic crystals became the center piece of interest of both 
fundamental and applied science in last ten years. Graphene and graphene related materials combine high 
mechanical strength and flexibility, exceptional electronic and thermal conductivity, high carrier mobility and 
optical transparency [2]. Carbon nanomaterials can be used in wide range of applications such as hydrogen 
and energy storage [3], reinforcement of polymer composites [4], electronics [5], electrochemical devices [6], 
or gas sensors [7]. 

Graphene related materials can be used for ammonia detection, in chemi-resistor configuration, when material 
surface is exposed to ammonia containing gas. Ammonia is noxious and, in high concentrations, dangerous 
gas frequently found in the chemical and food industry. Commercial ammonia gas sensors are based on metal 
oxide semiconductors operating at high temperatures (200-300 °C) and require high input power. Graphene 
and graphene oxide [8] are therefore used as a new platform for development of new ammonia gas sensors. 

In the biology and medical science, the gas-solid interface is often replaced by liquid-solid interaction. In such 
a case, electrochemical characterization becomes very important. Screen printed electrochemical sensors 
based on modified carbon electrodes represent suitable platform for fast and cheap environmental 
characterization. Among advantageous properties of carbon electrochemical electrodes belong a low residual 
current, a wide potential window, a relatively inert electrochemistry and electro-catalytic activity for a variety of 
redox reactions. Application of carbon nanomaterials as electrode material can promote an electron-transfer 
in electrochemical reactions [9] and increase several times the active electrode surface [10]. 
In this work electrochemical properties of plasma synthesized graphene nanosheets are studied in 
chemiresistive gas sensor and screen-printed electrochemical sensor configuration.  
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2. EXPERIMENTAL 

2.1. Carbon material synthesis 

The experimental set-up for graphene sheet synthesis was described in our previous publication [11] and 
allowed us to modify following experimental parameters: the microwave power P, the flow of working gas - 
argon - through inner channel Arc, the flow of carrying argon with ethanol vapors Arb and the method of mixing 
these two argon flows. As a result, we were able to adjust the deposition process to such an extent, that the 
produced material showed broad range of properties, as will be discussed in the following chapter. Deposition 
conditions of the two experiments discussed in this article are summarized in Table 1. 

Table 1 Deposition conditions of experiments discussed in this work. 

Experiment Arc [sccm] Arb [sccm] Power [W] Ethanol delivery 

GV30 1000 700 280 outer channel 

GV37 500 1400 210 inner channel 

2.2. Material analysis 

Samples were characterized by Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and 
scanning electron microscopy. XPS analysis was performed using ESCALAB 250Xi (Thermo Scientific, UK) 
X-ray photoelectron spectrometer equipped with a conventional hemispherical analyzer. Monochromatized Al 
Kα (1486.6 eV) X-ray source was focused into elliptical spot size at 650 µm. The pass energies were set to 
50eV for wide-scan and 20eV for high-resolution elemental scans, respectively. These pass energies 
correspond to energy resolutions of 1.0 and 0.1 eV, respectively. Charge compensation was performed with a 
self-compensating device using field emitted low energy electrons. Measurements were performed under ultra-
high vacuum 10-6 Pa and room temperature. Raman spectroscopy was carried out using HORIBA LabRAM 
HR Evolution system with 532 nm laser, using 100x objective and 25 % ND filter in the range from 1000 to 
3200 cm-1. Samples were imaged with TESCAN scanning electron microscope (SEM) MIRA3 with Schottky 
field emission electron gun equipped with secondary electron (SE) and back-scattered electron (BSE) 
detectors as well as Oxford Instruments EDX analyzer. 

2.3. Electrochemical measurements 

The gas sensor was characterized by measuring the sensor resistance under ammonia exposure. The 
measurements were performed using a setup with two gas channels: one for the carrier gas - synthetic air 
(Linde, Prague, Czech Republic), the second channel contained NH3 diluted in N2/synthetic air gas. The sensor 
was placed into the measuring chamber on the heater, operated by an Agilent U3606A DC power supply 
(Agilent, Santa Klara, California, USA). Its resistance was measured by the two-point technique between the 
gold electrodes by Keithley 2410 Source Meter (Keithley, Cleveland, OH, USA). A fixed bias voltage 1 V was 
applied. The sensor response was calculated as ΔR/R0= (R - R0)/R0, where R and R0 denote the sensor 
resistances in a gas mixture with NH3 and in synthetic air, respectively. The ammonia concentration was varied 
from 100 ppm to 500 ppm. Each measurement cycle consisted of three 10 min cycles (for 100 ppm, 250 ppm 
and 500 ppm of analyte) alternated with three 10 min cycles in air flow. The total gas flow rate was kept 
constant at 500 sccm. All measurements were carried out at room temperature (25±2°C) and relative humidity 
2-2.5 %.  

Electrochemical measurements were performed with AUTOLAB PGSTAT 204 potentiostat/galvanostat 
controlled by Nova 1.10 software (Metrohm Autolab B.V., Netherlands). The electrodes were characterized by 
cyclic voltammetry using a three-electrode voltammetric cell with standard Ag/AgCl reference electrode (type 
6.0729.100, Metrohm, Switzerland) and platinum auxiliary electrode (type 6.0343.000, Metrohm, Switzerland) 
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in the equimolar solution of 2.5 mmol/L potassium ferro/ferricyanide in 0.1 mol/L KCl electrolyte solution  
(pH 5.8). The scan rate was 50 mV/s and potential range was from -1.0V to +1.0V for K4[Fe(CN)6]/K3[Fe(CN)6]. 
Two sets of differently modified working electrodes were prepared and subsequently treated by three different 
oxidative processes. The first set of working electrodes was prepared by screen-printing of commercial DuPont 
carbon paste for reference purposes. The second set was prepared from our graphene-based material in 
powder form, processed to paste form, screen-printed on a 625 µm thick corundum ceramics and thermally 
stabilized at 125°C.  

3. RESULTS AND DISCUSSION 

3.1. Structural and chemical characterization of synthesized graphene material 

Since experimental conditions of our prepared samples slightly differed, as was mentioned previously, it was 
necessary to firstly investigate the chemical structure and morphology of our samples. XPS was used to 
characterize the elemental composition and Raman spectroscopy, as a versatile tool for graphene material 
structural analysis, to determine degree of defectivity and number of graphene layers. The XPS experimental 
curves were de-convoluted into a set of lines corresponding to the photoemission of electrons from atoms 
depending on their chemical surroundings. C1s peak gives the information on atomic concentration of carbon 
in different functional groups. In our measurements, the spectrum consisted of five peaks related to sp2 

hybridized carbon (~284.4 eV), sp3 hybridized carbon (~285.1eV), carbon single bonded to oxygen C-O 
(~286.1eV), carbon double bonded to oxygen C=O (~287.2eV) and ester group O-C=O (~288.2eV) [12,13]. 
Elemental composition, relative atomic concentrations and positions are displayed in Figure 1. There is a 
significant difference between samples GV30 and GV37, concerning sp2 and sp3 components. Also, the 
concentration of carbon-oxygen functional groups differed, ~18 % and ~5% for GV30 and GV37, respectively. 
It must be mentioned, that minor contamination by iron spherical nanoparticles occurred in GV37 during 
synthesis. These nanoparticles originated from the nozzle and could not be avoided. Figure 2 shows Raman 
spectroscopy of the samples. We can see an apparent difference between GV30 and GV37, namely in the 
relative intensity of D and 2D peaks to G peak. Greater D to G peak ratio is a sign of greater defectiveness 
[14], while increase in 2D to G peak intensity ratio corresponds to lower number of graphene layers [15]. The 
results of the analysis suggested, that sample GV37 showed lower defectiveness and presence of 3-4 
graphene layers. 

 
Figure 1 XPS spectroscopy of experiments GV30 (left) and GV37 (right) 
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Figure 2 Raman spectroscopy of prepared material of experiments GV30 and GV37 together with important 

values of 2D/G peak intensity ratio, 2D peak position and FWHM of 2D peak 

3.2. Electrochemical measurements 

Prepared material was examined as gas sensors, by measuring the sensor resistance under ammonia 
exposure. Time-dependent characteristics, showed in Figure 3, consisted of two modes - steep rise of relative 
resistance caused by physisorption in the first stages and subsequent slower increase caused by 
chemisorption in the later stages of NH3 exposure during a single cycle [7]. According to the sample analysis, 
there is significant difference between structural and elemental composition of the samples, sp2/sp3 
concentration ratio (0.6 → 6.4) and amount of carbon-oxygen functional groups (18% → 5%). This difference 
is clearly visible in sensor response curve, where sample GV37 exhibited up to 10 times higher response. This 
difference can be attributed to the change in sample structure, which influenced NH3 adsorption on carbon 
nanosheets surface. Also, 10-minute time interval was not sufficient for full recovery of active surface area 
from ammonia molecules. Recovery can be optimized by increase of sensor’s temperature during the recovery 
phase.  

 
Figure 3 Response of graphene based gas sensors to NH3 at three different concentrations. The response 

to 500 ppm of NH3 is ~3% and ~18%, respectively, depending on the synthesized material 
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Figure 4 Cyclic voltammograms of (a) reference working electrode in comparison to (b) graphene-based 

working electrode 

Cyclic voltammogram of both sets of working electrodes (WE) measured in the presence of 2.5 mmol/L 
potassium ferro/ferricyanide in 0.1mol/L KCl (pH 5.8) are given in Figure 4 (a) and (b), representing reference 
WE (CV-ref) and the electrode made from graphene-based material (CV-GV). As mentioned in experimental 
chapter, different oxidative treatments of WE were applied to investigate change in sensor’s response. These 
treatments are represented by numbers (0,1,2,3), which stands for: 0- as prepared, 1- plasma treated in low-
pressure capacitively-coupled radio frequency discharge in Ar/O2 gas mixture for 90 seconds, 2-annealed at 
214°C in CVD oven and Ar/O2 atmosphere for 5 minutes, 3- immersed in 5% water solution of H2O2 for 5 
minutes. From voltammograms we could quantify reversibility as the peak-to-peak separation value and 
electrochemical response as the ratio of cathodic to anodic current. Best results were obtained with 90 second 
plasma treatment of working electrodes, where we were able to see an increase in reversibility (from 1.14V to 
0.96V) and also, current response improved. Other applied treatment techniques, as showed in Figure 4, did 
not lead to improvement and resulted in low current and the change in peak-to-peak separation value was 
negligible. In comparison to the reference working electrode and longer time treated multi-wall carbon 
nanotube electrode, the current response was lower, but comparable to other types of electrodes. The results 
suggested that longer treatment time could lead to improvement in sensor performance. 

4. CONCLUSION 

Presented work covers synthesis of graphene nanosheets, surface and structural characterization of prepared 
material, modification and application as ammonia and electrochemical sensors. The sensor response 
considerably depended on material structure. This can be understood in terms of change in ratio sp2/sp3 
hybridized carbon and content of carbon-oxygen functional groups, as showed by XPS, which led to increase 
of active surface area for NH3 adsorption. Prepared electrochemical sensors showed comparable results to 
other carbon material-based electrodes and sensor characteristics could be improved by plasma treatment. 
This opens possibility to improve sensor performance by studying plasma treatment parameters and further 
enhance reversibility and current response of as prepared working electrode. 
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Abstract  

Graphene-based materials show unique properties. These single layered materials consist of 2D structure of 
carbon atoms, belong to the strongest known materials, that are very mechanically flexible, optically 
transparent and that are excellent electrical and thermal conductors. Recently, several studies on these types 
of materials have highlighted the potential of this material for hydrogen storage (HS) and raised new hopes for 
the development of an effective solid-state HS media. In the present paper, the structure and HS properties of 
graphene oxide (GO) and chemically reduced graphene oxide (rGO) produced by different procedures were 
studied. Hydrogen sorption characteristics of GO and rGO were measured using the Sieverts-type gas sorption 
analyzer PCT-Pro Setaram Instrumentation. The study of HS was carried out at temperature range from 198 
K to 423 K under hydrogen pressure from 1x10-4 to 4 MPa. 
For the HS point of view, the advantage of GO or rGO compared to graphene, is the presence of multiple 
chemical groups that can be used for introducing modifiers and their superior spreading on the materials 
surface. The suitably functionalized GO or rGO materials could potentially exhibit outstanding HS properties. 
Keywords: Graphene oxide, hydrogen storage, adsorption, desorption 

1. INTRODUCTION 

Hydrogen is a very prospective and “eco-friendly” fuel for vehicles which can bring economical and 
environmental benefits. It can be produced from a large number of different feedstocks such as water, coal, 
natural gas, biomass, and others, through thermal, electrolytic or photolytic processes. However, hydrogen 
poses a number of hazards to human safety, from potential detonations and fires when mixed with air to being 
an asphyxiant in its pure, oxygen-free form. Moreover, production of hydrogen from the sources mentioned 
above involves many technical and economical problems at the moment. 

The storage in solid state can be one of the solutions of HS. It is the most promising and safe method to store 
large amounts of hydrogen in a relatively small volume. There are two basic hydrogen bonding mechanism for 
this solid state storage [1] - chemisorption and physisorption. Chemisorption is a way of HS, where the atoms 
are incorporated into the lattice of the material. However, the main shortcoming of chemisorption is the usual 
requirement of high temperatures to allow absorption/desorption of hydrogen due to its high binding energy. 
On the other side, the heat released during absorption can be recycled and affects the efficiency of the whole 
HS system. 

A lot of attention has been focused on studies of hydrogen physisorption on different new nanostructured 
carbon materials during last decades. Carbon materials are considered as promising for HS applications due 
to possibility to use them both for physisorption and chemisorption [2,3]. The main disadvantage is relatively 
low hydrogen storage capacity at ambient temperatures under relatively high pressure. 

In recent years, the main study of carbon materials was focused on graphene materials. It should be noted 
that the single-layered graphene is not available as a bulk material and the most of previously published papers 
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have been performed on GO or rGO usually prepared by thermal exfoliation of GO. Because the complete 
removal of all functional groups from rGO in not possible, this material can be labeled as graphene only 
conditionally. The most of previously published studies have been performed on rGO samples prepared by 
thermal exfoliation of graphite oxides [4]. One of other possible way is using isolation procedure of GO/rGO by 
lyophilisation [5]. Recently, some studies reported superior hydrogen properties for graphene. However, the 
study [6] outlined that the graphene materials do not exhibit hydrogen properties better than other 
nanostructured carbons.   

This paper reports structure, temperature stability and hydrogen storage properties GO and rGO reduced by 
Na[BH4] and hydrazine.  

2. EXPERIMENTAL 

All of experimental materials were made using components purchased from SIGMA-ALDRICH. The GO was 
prepared by chemical oxidation of 5.0 g graphite flakes in a mixture of concentrated H2SO4 (670 ml) and 30.0 g 
KMnO4 according to the simplified Hummer's method [7,8]. The reaction mixture was stirred vigorously. After 
4 days, the oxidation of graphite was terminated by addition of H2O2 solution (250 ml, 30 wt% in H2O). Formed 
graphene oxide was washed 3 times with 1 M HCl (37 wt% in H2O) and several times with Milli-Q water (total 
volume used 12 l) until constant pH value (3-4) was achieved. This GO was used for preparation two types of 
rGO. 

The first material labeled as rGO-N was prepared from GO reduced by Na[BH4]. 5% solution of Na2CO3 was 
added to GO to increase pH value (9-10). 800 mg of Na[BH4] were added to 100 ml of GO and heated at 80 °C 
with constant stirring for 1 hour. The solution changed from dark brown to black. Formed reduced graphene 
oxide was washed with Milli-Q water until constant pH value (6-7) was achieved [7]. The second materials 
labeled as rGO-H was prepared from GO reduced by hydrazine monohydrate. For 3.0 mg of GO, 1.0 μl of 
hydrazine was used. The resulted solution was heated at 80 °C and stirred for 12 hours with constant stirring. 
The solution changed from dark brown to black. Formed reduced graphene oxide was washed with Milli-Q 
water until constant pH value (6-7) was achieved [9-11]. 

Bulk samples of GO, rGO-N and rGO-H were prepared by lyophilization in freeze dry system (Labconco 
FreeZone, Kansas City, USA). These lyophilized samples were in form of flakes. Structure and chemical 
composition of samples was studied at scanning electron microscope (SEM) Tescan LYRA 3 XMU 
FEG/SEMxFIB equipped with X-max80 EDS detector. 

The thermal stability of experimental materials was tested by TGA in analyzer Q500 by TA Instruments. The 
samples were analyzed under nitrogen atmosphere with heating rate 10 K/min.   

Hydrogen adsorption/desorption (A/D) characteristics were measured using Sieverts-type gas sorption 
analyzer PCT-Pro Setaram Instrumentation. The study was carried out at temperatures 198, 373 and 423 K 
under hydrogen pressure from 1x10-4 (desorption) to 4 MPa (adsorption). The weight of measured samples 
was about 50mg. The purity of both hydrogen and helium (calibration gas) was 6N. All of the samples were 
annealed at 473 K /1x10-4 MPa for 2 hours before hydrogen sorption measurement due to water adsorption.  

3. RESULTS AND DISCUSSION 

The morphology of all experimental materials was quite similar. The flakes consisted of thin layers occasionally 
in the form of thin “fibers”. The structure of rGO-H contained locally also more crumpled layers or fibers than 
it was found in typical structure of studied samples (Figure 1-3). All of studied materials contained (Figure 4) 
also impurities (Cu, S, Si, Cl, K, Ca). The rGO-H contained also Ti, Fe, Mn in comparison with other 
experimental materials. These impurities probably caused locally anomalous morphology of rGO-H.  
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      Figure 1 Morphology of GO    Figure 2 Morphology of rGO-N Figure 3 Locally strongly crumpled 

layers and fibers of rGO-H 

The graphene oxide materials are generally thermally unstable materials. The thermal stability of studied 
materials is shown in TGA plot (Figure 5). The first 4, 10.3 and 10.5% weight loss for rGO-H, GO, rGO-N 
respectively could be attributed to the adsorbed water molecules, the second one 20.7, 37.6, 27.8% weight 
loss to oxide groups and the last ones to carbon groups. The higher thermal stability of rGO-H or rGO-N is 
probably caused by presence of higher volume of impurities than in GO. The impurities (dark particles) are 
shown in detailed micrograph of GO and rGO-H layer after A/D cycles in Figures 6-7.  

  

Figure 6 Detail of GO layer after A/D cycles Figure 7 Detail of rGO-H layer after A/D cycles 

 
Figure 4 EDS spectras of GO, rGO-H and rGO-N Figure 5 TGA lines of GO, rGO-H and rGO-N 
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Whereas the impurities (dark particles) can be found on 
layer of GO exceptionally, the layer of rGO-H contains a lot 
of impurities placed on the surface. All studied materials had 
foam-like morphology (Figure 8) and the layers was not 
influenced by A/D cycles and weight loss (water 
desorption).   

Whereas significant differences were found in morphology 
and composition of all studied materials, the A/D kinetic 
properties are very similar (Figures 8, 9). The maximum 
capacity (cmax) of H2 in all materials at temperature range 
198-423 K was in the range 0.22-0.17 wt.%H2 respectively. 
The adsorbed cmax of H2 was desorbed during several 
minutes. Since all desorption curves of studied materials 
are very similar, only desorption curves of rGO-H at 198 and 
423 K are shown as examples. The cmax is near to value 
measured for rGO materials with BET surface from  
1250 m2/g [4] to 2900 m2/g [12]. However, these materials were obtained by thermal exfoliation of Brodie and 
Hummers GO and activated using KOH/annealing methods. The lyophilized materials show better A/D 
properties than graphene prepared by chemical exfoliation method [13]. 

The sorption properties found in the studied materials have interesting potential for HS. They have good 
capacity compared to published results and the advantage of rGO compared to graphene is the presence of 
multiple chemical groups that can be used in the future research for introducing modifiers and its superior 
spreading on the materials surface. Choosing a suitable strategy or combination of various methods and 
elements could increase the efficiency of the material and thus ensure higher volume of trapped hydrogen. 
Moreover, one advantage of graphene compared to Mg-based alloys is its potential for decreasing 
dehydrogenation temperature. Recently, it was reported that graphene with its single atomic layer structure 
can also effectively inhibit agglomeration very promising HSM - MgH2 particles and promote H atom diffusion 
[14].  

Moreover, the structure of graphene-type materials consist in “crumpled” layers of GO/rGO. These flakes have 
a foam-like morphology, as shown in Figure 8. These properties can be used for production HSM bulk 
graphene scaffold material, similarly as other carbon materials [15]. 

  
Figure 9 Kinetic of H2 adsorption in studied materials Figure 10 Example of H2 desorption in rGO-H 

 

Figure 8 Example of foam-like morphology of 
studied materials,  rGO-N 
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5. CONCLUSION 

The GO was prepared using simplified Hummer's method, the materials rGO-N or rGO-H was prepared by 
reduction of GO using Na[BH4] and hydrazine respectively. The bulk flakes-form samples were produced by 
lyophilization. The final flakes have foam-like morphology composed of crumpled layers of base material. All 
studied materials contain also impurities originated from production processes. However, the rGO-H contained 
more impurities than other experimental materials. The layer of these materials was locally more crumpled. 

Hydrogen A/D kinetics of these materials was evaluated at 198, 373 and 423 K using Sieverts-type gas 
sorption analyzer. In all cases, similar hydrogen kinetics and cmax of H2 was shown after about two hours 
adsorption. The cmax of H2 of all materials at temperature range 198-423 K is in the range 0.22-0.17 wt.% H2 

respectively. These lyophylised materials have interesting potential for production of bulk functionalized 
graphene oxide materials or bulk graphene scaffold materials for HS. 
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Abstract  

Acrylic fibres can be used as a source of carbon structures. The reason is in chemical structure and thermal 
behaviour of acrylic polymer which is not melt-able and contains high quantity of carbon. Acrylic fibres are one 
of typical wastes from textile industry.  

Until recently these fibres are burnt or dumped as garbage. In this study an easy method is presented to 
prepare nanostructural spherical carbon particles with diameter around one micrometre. Particles are prepared 
at 500°C in oven with protection against oxidation. These particles are evaluated by standard methods. 

Keywords: Acrylic, fibres, waste, carbon, recycling 

1. INTRODUCTION 

Carbon particles with high surface area are commercially useful in many sorption and separation processes. 
Carbon particles are suitable for application is storage of gases or photonics. Many researchers are working 
on preparation of spherical carbon particles, which are interesting for hi- tech applications. [1] 

Active carbon is typically prepared from natural products such as wood. A wide variety of carbons has been 
prepared from biomass and other wastes, such as date pits [2], olive stones [3], furniture, sewage char and 
tyres [4,5].  

Textile wastes are now a serious problem. Production of fibres is growing worldwide and recycling is not used 
in enough high scale. Approximately 80% of synthetic fibres are made from polyesters or polyamides. Acrylics 
fibres presently occupy approximately 10% of all synthetic fibres.  

This study is focused on not so common acrylic fibres, which contain high quantity of -CN groups with potential 
ecological and toxicological problems. Aim of this study is development of cheap and easy method to carbonize 
acrylic fibres. 

The current research group has experience with textile chemistry and especially with high temperature 
processes by lasers [6], textile dyestuffs [7] and sorption properties. So the previous experience was used for 
high temperature carbonization of acrylic fibres and evaluation of properties for prepared carbon by sorption 
of selected dyestuff. 

2. MAIN TEXT  

2.1. Experiments - carbonization process 

Experiments were realised with 100% acrylic fabric (plain wave, 195 g/m2), structure of this fabric is visualised 
by scanning electron microscopy shown in Figure 1. 

The laboratory oven produced by „Vaclav Svoboda EPS, Czech Republic“, was used for this study. Fibres 
were heated in the oven at temperatures 450°C, 500°C, 550°C and 600°C respectively for 60 minutes. Fibres 
were protected against oxidation by liquid salt system. The prepared carbon particles were cooled and tested. 
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Figure 1 Structure of used acrylic fabric, SEM picture 

2.2. Experiments - evaluation of sorption properties 

Sorption properties of prepared carbon particles were evaluated by methylene blue test [8-13], which is 
optimised for our conditions. Methylene blue is a cationic dye with well-known structure (Figure 2, molecular 
mass 310 g/mol). 

 
Figure 2 Chemical structure of methylene blue 

 
Figure 3 Calibration of spectrophotometry - dependence of absorbency on methylene blue concentration 
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Approximately 20 mg of prepared carbon particles was weighed on analytical scales. These carbon particles 
we suspended in 50 ml of methylene blue solution with concentration 70 mg/l. The experiments were carried 
out at 20°C, pH was set to 9 (pH meter CyberScan pH 510). After 60 minutes of stirring on a magnetic stirrer, 
the sorption by centrifugation of carbon particles from the system was done. Centrifuge Hettich EBA 20 was 
used with rotational speed 6000 per minute for about 2 minutes. Methylene blue concentration in used solution 
was analysed by direct measurement of absorbance on spectrophotometer at the 665 nm (Spectrophotometer 
UV-1600PC). Real concentration of methylene blue in used solution was calculated according to calibration 
curve as shown in Figure 3. These values were finally used for estimation of methylene blue mass absorbed 
by carbon particles.  

2.3. Results and discussions  

Shape and geometrical structure of carbon particles prepared from acrylic fibres were evaluated by scanning 
electron microscopy. The time - temperature regime of carbonization process was optimized to eliminate 
carbon particles with noncircular shape (Figure 4) and to prepare spherical particles only (Figure 5).  

 
Figure 4 “Wrong” form of prepared carbon: nonspherical particles from SEM image 

 
Figure 5 “Right” form of prepared carbon: spherical particles prepared at 500°C from SEM image 
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Prepared spherical particles absorbed high quantity of methylene blue. Best results were obtained at 
carbonization temperature of 550°C. Samples carbonized at 550°C absorbed 72 mg of methylene blue per 
one gram of carbon particles. Comparison with sorption properties of other prepared samples is shown in 
Figure 6. 

 
Figure 6 Sorption properties of prepared spherical carbon particles: influence of carbonization temperature  

3. CONCLUSION 

In this study, waste acrylic fibres were carbonized in melted salt system. At selected time - thermal regime, 
spherical particles with average diameter approximately 2 µm were obtained. Best results were observed at 
carbonization temperatures between 500 and 550 °C. 

Sorption properties of prepared particles were tested by a modified sorption method. Carbon samples prepared 
at 550°C adsorbed approximately 72 mg of methylene blue per 1 g of prepared carbon particles. This value is 
comparable with other published results which reported carbon particles prepared by different methods. 
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Abstract 

Electrorheological (ER) suspension are special class of systems, those physical properties, such as viscosity 
can be tuned using external electric field strength. Generally, they are two-phase systems consisting of solid 
polarizable particles and liquid insulating medium. After application of the external electric field, the particles 
are polarized and create the chain-like structures in the direction of the electric field streamlines. Such internal 
structure development resulting in the significant increase in viscosity usually in four orders of magnitude and 
more. This phenomenon is reversible, repeatable and once the electric field is switched-off the suspension 
become to its initial state. However, due to the usually various nature of dispersed phase and liquid medium, 
the sedimentation stability of the suspensions is the main issue. In addition, the ER performance of various 
systems based on conducting polymers is not sufficient, thus the development of the novel dispersed phases 
are still attractive. Moreover, graphene oxide (GO) particles and their hybrids were recently recognized as 
suitable materials for ER suspensions. Hence, we were performed the SI-ATRP from GO surface as a novel 
approach how to provide GO-polymer particles with tunable conductivity and polymer layer in single step and 
thus solve the main drawbacks such as sedimentation stability as well as proper ER performance. 

Keywords: Graphene oxide, SI-ATRP, reduction, hybrids, polymer brushes, electrorheology 

1. INTRODUCTION 

Graphene was recently recognized as a very promising material, due its simple preparation, low fabrication 
cost and excellent physical properties (excellent thermal and electrical conductivities) [1, 2]. Unfortunately, 
graphene is relatively inert to the surrounding environment [3]. From its potential applicability point of view, the 
presence of graphene platelets or graphene oxide in various surroundings such as hydrogels [4], elastomers 
[5] or silicone oil [6] leads to interesting utilizations in intelligent systems [7, 8]. In order to be effectively applied 
at such systems, proper dispergation is crucial factor and such systems are responding on the magnetic [9] or 
electric field [10], pH [11] and light [12]. 

In this case, electrorheological (ER) suspensions are two-phase systems consisting of polarizable particles 
and liquid medium [13], and are class of materials belong to the group of smart systems and their physical 
properties such as viscosity or viscoelastic moduli can be tailored using external electric field [14, 15]. Based 
on two fundamental models, the ER performance depends on the mechanism upon particles are able to create 
internal chain-like structures, the conductivity mechanism and polarization mechanism [16]. Various materials 
have been investigated such as inorganics [17], conducting polymers [18], or other inorganic polymer hybrids 
[19]. 

Recently our group recognized that GO particles can be reduced within the single-step reaction during the SI-
ATRP of polystyrene, due to the presence of tertiary amine PMDETA concurrently acting in two processes, 
promoting controlled radical polymerization and simultaneous reduction of GO particles [20]. Moreover, it was 
also proved that such concept is also working for other monomeric systems such as poly(glycidyl methacrylate) 
[21] and its application as smart system in electrorheology. 
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This study is focused on the verification of such technique, utilizing SI-ATRP and another monomer, alpha-
methyl styrene (-MeS), is still valid and how the monomer nature influences the final product from the final 
properties as well as GO reduction point of view. The -MeS polymer chains were analyzed using nuclear 
magnetic resonance (NMR) and gel permeation chromatography (GPC). Successful modification was proved 
by FTIR. ER performance was investigated using rotational rheology in the steady shear mode, and finally the 
compatibility of GO and GO--MeS particles with silicone oil was elucidated. 

2. EXPERIMENTAL 

2.1. Materials 

Graphite (powder, < 20 μm, synthetic) was used as a precursor for GO sheets. Sulfuric acid (H2SO4, reagent 
grade, 95-98 %), sodium nitrate (NaNO3, ACS reagent, ≥99%), potassium permanganate (KMnO4, 97%) and 
hydrogen peroxide (H2O2, ACS reagent, 29.0-32.0 wt. % H2O2 basis) were employed as chemical reagents to 
set the proper exfoliation conditions to form GO sheets. α-bromoisobutyryl bromide (BiBB, 98%) served as an 
initiator linked onto GO surface. Initiator bonding was performed in the presence of proton scavenger, 
triethyleneamine (TEA, ≥99%). alfa-methyl styrene (-MeS, 99%), ethyl α-bromoisobutyrate (EBiB, 98%), 
N,N,N´,N´´,N´´-pentamethyldiethylenetriamine (PMDETA, ≥99%), copper bromide (CuBr, ≥99%) and anisole 
(99%) were used as a monomer, initiator, ligand, catalyst and solvent, respectively. Diethyl ether (ACS reagent, 
anhydrous, ≥99%) was used as a drying agent. All chemicals were purchased from Sigma Aldrich (USA) and 
were used without further purification (except for n-BA). n-BA was purified by passing through a neutral alumina 
column to remove MEHQ inhibitor prior to its use. Tetrahydrofurane (THF, p.a.), acetone (p.a.), ethanol 
(absolute anhydrous, p.a.), toluene (p.a.), and hydrochloric acid (HCl, 35%, p.a.) were obtained from Penta 
Labs (Czech Republic). Deionized water (DW) was used during all experimental processes and washing 
routines. Poly(dimethyl siloxane) (PDMS) Sylgard 184 (Dow corning, USA) was used as received. 

2.2. Preparation of GO sheets 

Graphene oxide (GO) was fabricated from graphite powder by a modified Hummers method [22]. The raw 
graphite (5 g) was vigorously stirred with H2SO4 (100 mL) and the mixture was cooled down to ~5 °C using an 
ice/water bath. Subsequently, NaNO3 (2.5 g) and KMnO4 (15 g) were gradually added. The mixture was 
additionally stirred for 6 h, then, the amount of 300 mL of DW was added dropwise, while the temperature was 
maintained under 40 °C. Finally, concentrated H2O2 in the amount of 40 mL was added, and the solution turned 
its color into brilliant brown, which indicated complete oxidization of graphite. The product was separated in a 
high-speed centrifuge (Sorvall LYNX 4000, Thermo Scientific, USA) operating at 10 000 rpm for 20 minutes at 
25 °C. The cleaning routine was based on the dispersion of the GO in 0.1 M HCl, and their re-separation in a 
centrifugal field. The procedure was repeated with DW several times until pH has reached a value of 7. Then, 
the particles were lyophilized in order to remove the residual amount of water after purification and the brown 
powder was obtained 

2.3. Initiator bonding 

The presence of reactive groups on the GO surface was preferably used to be linked with BiBB molecules. In 
a simple procedure, the GO (2 g), dried THF 60 mL) and TEA (12 mL) were mixed under argon atmosphere 
at a temperature of ~5 °C ensured by an ice/water bath, while BiBB (7 mL) was drop-wise added. The product 
was washed with THF, acetone and water several times and then filtered with the help of PTFE filter (pore size 
of 0.44 m). The excess of water from treated particles was removed by filtration with diethyl ether (3x60 mL). 
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2.4. Grafting of GO with PBA chains 

The GO sheets with bonded initiator (0.5 g) were transferred into a Schlenk flask equipped with a gas 
inlet/outlet and a septum. The system was evacuated and backfilled with argon several times. The argon-
purged chemicals, namely -MeS (13.90 mL, 130.5 mmol), EBiB (0.192 mL, 1.305 mmol), PMDETA 
(1.090 mL, 5.220 mmol), and anisole (15 mL) were gradually added. The presence of oxygen was minimized 
by degassing the system followed by several freeze-pump-thaw cycles. At a frozen state, the CuBr catalyst 
(187.2 mg, 1.305 mmol) was added as quickly as possible under gentle argon flow. The molar ratio of reactants 
[-MeS]:[EBiB]:[CuBr]:[PMDETA] was [100]:[1]:[1]:[4], while anisole served as a solvent in the amount of 
50 vol. %. Finally, the flask was immersed into a silicone oil bath pre-heated to 60 °C, which initiated the 
polymerization process. During the reaction, the viscosity of the mixture was observed to gradually increase. 
The reaction was stopped by exposition of the mixture to air and cooling down to laboratory temperature. The 
product was purified by filtration using DMF (3x100 mL) and finally with diethyl ether (3x 50 mL). Final product 
was then dried in desiccator upon ambient laboratory conditions. 

2.5. Characterization 
1H nuclear magnetic resonance (NMR) spectra were recorded at 25 °C using an instrument (400 MHz VNMRS 
Varian, Japan) with deuterated chloroform (CDCl3) as a solvent. The molar mass and polydispersity (Đ) of α-
MeS chains were investigated using gel permeation chromatography (GPC) on the GPC instrument (PL-
GPC220, Agilent, Japan) equipped with GPC columns (Waters 515 pump, two PPS SDV 5 μm columns 
(diameter of 8 mm, length of 300 mm, 500 Å + 105 Å)) and a Waters 410 differential refractive index detector 
tempered to 30 °C. The samples for NMR spectroscopy and GPC analysis were prepared by their dilution with 
CDCl3 and THF, respectively, followed by the purification process, in which they were passed through a neutral 
alumina column. The powders were compressed to the form of pellets (diameter of 13 mm, thickness of 1 mm) 
on a laboratory hydraulic press (Trystom Olomouc, H-62, Czech Republic). The pellets were used for electrical 
conductivity measurements as well as for contact angle (CA) determination. The former investigation was 
performed by two-point method at laboratory temperature with the help of electrometer (Keithley 6517B, USA). 
The latter one was evaluated from the static sessile drop method carried out on a Surface Energy Evaluation 
system equipped with a CCD camera (Advex Instruments, Czech Republic). A droplet (5 μL) of PDMS was 
carefully dripped onto surface and the CA value was recorded. The presented CA results are the average 
values from 10 independent measurements. Suspensions (5 wt. %) were prepared by mixing of neat GO and 
GO--MeS powders with corresponding amount of silicone oil (Fluid 200, Dow Corning, UK; viscosity c = 
108 mPa.s, density c = 0.965 g.cm-3). Before each measurement, the suspensions were stirred at first 
mechanically and then sonicated for 30 s.  

Rheological measurements were performed under controlled-shear-rate (CSR) mode using rotational 
viscometer (Bohlin Gemini, Malvern Instruments, UK). The suspensions were placed into the parallel-plate 
geometry 40 mm in diameter and 0.5 mm gap. The instrument modified for ER experiments was connected to 
DC high-voltage source TREK (TREK 668B, USA) to generate electric field strengths 0-2.0 kV.mm-1. Before 
each measurement step, the previously built-up particulate structures were destroyed by shearing the sample 
at the shear the rate 50 s-1 for 80 s. 

3. RESULTS AND DISCUSSION 

3.1. SI-ATRP of -MeS from GO sheets 

The prepared GO sheets were grafted with -MeS polymer chains using SI-ATRP technique. The resulting -
MeS was analyzed from the reaction mixture by GPC. It was found that polymer has relatively low molecular 
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weight, due to the short time of polymerization, which is important in case of slight reduction of the GO 
substrate. The Mn of the PBA brushes was 5680 g.mol-1 and polydispersity index (PDI) was 1.28. The monomer 
conversion in this case was 48% calculated from 1H NMR which well-correlates with the GPC results. The 
successful grafting process was confirmed by FTIR investigations. In the Figure 1 the presence of the hydroxyl 
groups at 3300 cm-1, carbonyl groups broad at 1713 cm-1 and epoxy groups at 819 cm-1. The presence of the 
-MeS polymer brushes can be clearly seen as a several absorption bands corresponding to the aromatic ring 
from styrene, where C=C bending can be seen around 1714 cm-1 and C-H stretching around 2934 cm-1 and 
2902 cm-1. All these finding confirmed successful implementation of the -MeS brushes on the surface of the 
GO particles. 

 
Figure 1 FTIR spectra of the neat GO (a) and GO--MeS (b) particles 

3.2. Electrorheological performance of GO-grafted particles with --MeS  

   
Figure 2 Dependence of the shear stress, , on the shear rate, g, for 5 wt. % silicone suspensions of aniline 
oligomers particles prepared in (a) neat GO and (b) GO--MeS, at various external electric field strengths, E, 

(kV.mm−1): 0 (,), 0.5 (,),1.5 (,), 2.5(,) 
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In order to confirm the suitability of the synthesized particles for implementation as a dispersed phase in ER 
suspensions, the rheological properties of their silicone oil suspensions have been investigated. As can be 
seen in the Figure 2, both suspensions of neat GO and GO--MeS exhibit neatly Newtonian behaviour in the 
absence of the external electric field. Slight deviation from such behaviour can be seen for GO--MeS based 
suspensions, due to the enhanced compatibility with silicone oil in comparison to the neat GO. During the 
polymerization, also, slight GO reduction has been achieved and thus performance upon external electric field 
was enhanced. In this case the shear stress at 0.1 s-1 was 74 Pa and 109 Pa, for neat GO and GO--MeS, 
respectively. Thus we can conclude that suspensions based on modified GO grafted with -MeS polymer 
brushes, provide the system with tunable ER performance, by both external electric field and by reaction 
conditions, where the ratio between the GO and catalyst, play an important role similarly as was already proved 
elsewhere [21]. 

3.3. Compatibility of the GO sheets and GO--MeS with silicone oil 

Compatibility of the GO particles with the surrounding in case they are dispersed is a crucial role for their 
potential applications as dispersed phase in ER suspensions [23-25]. Since, silicone oil is a most utilized 
continuous phase the compatibility between the neat GO and GO--MeS and silicone oil was investigated. As 
can be seen in the Figure 3, the contact angle between the neat GO and PDMS is 49.9° 3.2, while the 
presence of polymer backbone with benzene ring as the bearing moiety decreases the contact angle to 
35.4° 2.1 indicating improved interactions between the surface of the GO--MeS with aliphatic moieties from 
silicone oil in comparison the neat GO, where only hydroxyl, carbonyl, carboxyl and epoxy groups are present. 

 
Figure 3 Images from CCD camera of the silicone oil droplets on the GO (a) and GO--MeS (b) pellets 

4. CONCLUSION 

This study was aimed on the synthesis of GO--MeS hybrids using SI-ATRP approach, allowing the 
simultaneous modification of GO surface with -MeS polymer chains and tailorable chemical reduction in the 
range suitable for ER applications. The successful modification of GO with polymer brushes was proved using 
FTIR spectroscopy. In order to prove the potential applicability of such systems in ER application the 
rheological investigation shows that GO--MeS particles are very promising. Also compatibility with silicone 
oil was elucidated and it was found that GO particles with -MeS polymer chains provide enhanced 
compatibility with investigated which indicate also better long-term stability properties. 
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Abstract 

Electrorheological (ER) fluids are fascinating materials with a wide range of potential applications. However, 
low performance in electric field and poor sedimentation stability are the most serious limitations for these 
applications. To reduce the mentioned drawbacks various materials such as graphene were explored. Recent 
efforts to improve performance of the ER fluids led to the modification of the graphene with polymer 
substances. Herein, the proposed ER structures are based on the graphene oxide (GO) sheets controllably 
grafted with poly(methyl methacrylate) (PMMA). The oxygen-containing functional groups introduced by 
modified Hummers method enabled the immobilization of 2-Bromoisobutyryl bromide onto the GO. The 
controlled PMMA chain growth was performed by atom transfer radical polymerization resulting in the GO-g-
PMMA entities. The reaction process was monitored via nuclear magnetic resonance spectroscopy and gel 
permeation chromatography. The successful grafting process was confirmed via infrared spectroscopy. 
Conductivity of the neat GO as well as the fabricated GO-g-PMMA structures was investigated using four-point 
method, while their reduction was examined via Raman spectroscopy. Such particles were further thoroughly 
dispersed in silicone oil (SO) and the ER performance of as-prepared ER fluids was investigated. The system 
containing the GO-g-PMMA exhibited superior dynamic yield stress and higher ER effects as the modified 
particles were able to develop more rigid field-induced internal structures, due to the enhanced particle 
conductivity and thus better response to external electric field. The results also showed that the presence of 
PMMA grafts enhanced the compatibility with SO, which was reflected in substantially improved stability 
against sedimentation. 

Keywords: Electrorheology, steady shear, graphene oxide, surface modification, atom transfer radical  
         polymerization 

1. INTRODUCTION 

Electrorheological (ER) fluids are colloidal systems consisting of electrically highly-polarizable particles 
dispersed in an insulating liquid. These systems exhibit fascinating rheological properties such as rapid and 
reversible viscosity changes when exposed to an external electric field. The transition from fluid-like to solid-
like states, known as the ER effect, is a consequence of particle chain formation between the electrodes in a 
direction of applied field [1, 2]. The ER phenomenon triggered broad scientific and industrial interest which 
resulted in a proposal of novel ER clutches [3], dampers [4], haptic masters [5], displays [6] etc. 

In order to develop high-performance ER fluid broad spectrum of materials has been investigated. Besides 
semi-conducting polymers [7] aniline oligomers [8], or titanium derivatives [9], the carbonaceous structures 
have been also recognized as promising ER materials [10]. Graphene and graphene oxide (GO) were a subject 
of recent studies, however they both were found to be unsuitable in their original forms [11]. While the former 
is characterized by too high conductivity (~10-6 S·cm-1) causing the short circuiting during the ER experiments, 
the conductivity of the latter is rather low (~10-9 S·cm-1) leading to insufficient ER performance of their silicone 
oil-based suspensions. 
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As graphene is considerably inert in various surrounding, the attention was paid to layered GO prepared via 
Hummer’s or Brody’s method owing oxygen-containing groups such as hydroxy, epoxy, carbonyl or carboxyl 
on its surface [12], which can be preferably used for post-modification of GO with various polymers to ensure 
the compatibility with carrier fluid and at the same time alter the electrical conductivity leading to the higher ER 
effect [10]. Nevertheless, this approach did not necessarily provide the optimal results, thus tuning the GO 
electrical conductivity is highly-challenging. Moreover, the early methods required two-step reaction synthesis 
employing the modification of the GO and its implementation into desired surrounding followed by its reduction 
via using primary and secondary amines [13] or hydrazine [14] in order to increase its conductivity to fulfill the 
requirements (from ~10-5 to ~10-9 S·cm-1), which is according to Block et al. [15] a suitable range for the ER 
applications. 

Recently, Ilcikova et al. [16] have shown more sophisticated method allowing the modification and reduction 
of GO within a single-step reaction. Their approach was based on the modification of GO surface with 
polystyrene using surface-initiated atom transfer radical polymerization (ATRP) in the presence of tertiary 
amine (N,N,N’,N’,N’’-pentamethyldiethylenetriamine), which was responsible for the GO surface reduction. 
Moreover, following this procedure it was able to increase the GO electrical conductivity in eight orders of 
magnitude depending on the polymerization period. In our preceding study [17], we have verified that this 
approach is applicable also for modifying the GO sheets with poly(methyl methacrylate) (PMMA). This study 
is focused on the testing the ER performance perspectives of such material. As will be proven further in text, 
we believe, that this is a promising direction in the field of stimuli-responsive composites. 

2. EXPERIMENTAL 

2.1. Materials 

Graphite (powder, < 20 μm, synthetic), sulfuric acid (H2SO4, reagent grade, 95-98 %), sodium nitrate (NaNO3, 
ACS reagent, ≥99%), potassium permanganate (KMnO4, 97%), hydrogen peroxide (H2O2, ACS reagent, 29.0-
32.0 wt.% H2O2 basis), 2-bromoisobutyryl bromide (BiBB, 98%), triethyleneamine (TEA, ≥99%), methyl 
methacrylate (MMA, 99%), ethyl 2-bromoisobutyrate (EBiB, 98%), N,N,N´,N´´,N´´-
pentamethyldiethylenetriamine (PMDETA, ≥99%), copper bromide (CuBr, ≥99%), anisole (99%) and diethyl 
ether (ACS reagent, anhydrous, ≥99%) were purchased from Sigma Aldrich (USA). Tetrahydrofurane (THF, 
p.a.), acetone (p.a.), ethanol (absolute anhydrous, p.a.), toluene (p.a.), and hydrochloric acid (HCl, 35%, p.a.) 
were obtained from Penta (Czech Republic). MMA was purified by passing through a neutral alumina column 
to remove inhibitor prior its use, while all other chemicals were used without further purification. Deionized 
water (DW) was used during the synthesis as well as the washing routines. A silicone oil (SO) M200 
(conductivity of ~10-11 S·cm-1, dynamic viscosity of 197 mPa·s, density of 0.970 g·cm-3 at 25 °C) supplied by 
Lukosiol (Czech Republic) was used as a carrier liquid. 

2.2. Approach from graphite to GO with PMMA chains 

The modified Hummer’s method based on weakening the van der Waals forces in graphite by introducing 
oxygen functional groups leading the exfoliation of graphite to GO sheets was performed [8]. Subsequently, 
the presence of functional groups was used to linkage with ATRP-initiator molecules of BIBB. The initiator-
treated GO sheets were subjected to ATRP reacting system consisting of MMA, EBiB, PMDETA, and anisole, 
which represented monomer, sacrificial initiator, ligand, and a solvent, respectively. The reaction was catalyzed 
using CuBr. The final product was thoroughly purified and subjected to characterization [17]. 

2.3. Characterization 

Monomer conversion and apparent molecular weights of PMMA grafts were characterized using 1H nuclear 
magnetic resonance device (NMR, 400 MHz VNMRS Varian, Japan) equipped with 5 mm 1H-19F/15N-31P 
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PFG AutoX DB NB probe and calibrated (polystyrene standards) gel permeation chromatograph (GPC, PL-
GPC220, Agilent, Japan) consisted of a Waters 515 pump, two PPS SDV 5 µm columns (d = 8 mm, 
l = 300 mm; 500 Å + 105 Å) and a Waters 410 differential refractive index detector, respectively. Both 
recordings were performed at a temperature of 25 C. The Raman spectra (3 scans, resolution of 2 cm-1) were 
collected on a Nicolet DXR (Nicolet, USA) using an excitation wavelength of 532 nm. The thermo-oxidation 
decomposition of the samples was on-line monitored using thermogravimetric analyzer (TGA) operating in 
oxygen atmosphere coupled with FTIR with a help of Nicolet iS10 equipped with TGA-IR module (Thermo 
Scientific, USA). The powders were compressed (pressure of 10 MPa, 1 minute) to the pellets (diameter of 
13 mm, thickness of ~1 mm) on a laboratory hydraulic press (Trystom Olomouc, H-62, Czech Republic) and 
their conductivity was characterized with the help of electrometer Keithley 6517B (USA) employing the Van 
der Pauw method with the four-point probe placed around the perimeter of the sample. 

2.4. ER fluid preparation 

The ER fluids were prepared following the protocol: (i) the moisture content of the components was eliminated 
by their heating at 60 °C overnight under decreased pressure; (ii) the appropriate amount of the GO particles 
or their PMMA-grafted analogues was mixed with SO in the sealable glass tubes to prepare the ER fluid 
containing 5 wt.% of the particles; (iii) before each experiment, the ER fluid was thoroughly stirred with a glass 
stick for ~5 min and subsequently the glass tubes were placed to an ultrasonic bath (K-12LE, Kraintek, 
Slovakia) for ~5 min at 25 °C; (iv) finally, the freshly-prepared homogeneous ER fluids were subjected to ER 
characterizations.  

2.5. Rheological measurements 

The rheological behavior of the ER fluids was investigated under electric fields using a rotational rheometer 
Bohlin Gemini (Malvern Instruments, UK) with parallel plate geometry (a diameter of 40 mm with a gap of 
0.5 mm) at a constant temperature of 25 °C. The controlled applied electric field was generated by a DC high-
voltage source TREK 668B (Trek, USA). Two types of rheological tests were performed: (i) to characterize the 
steady-shear flow behavior, the ER fluid was pre-sheared at 50 s-1 for 1 minute in order to impose the same 
initial conditioning before each test run. Then, the rheological properties were collected within the shear rate 
range of 0.1-300 s-1 in the absence of electric field as well as at the applied DC field of the electric field strength 
of 0.5-2.5 kV·mm-1; (ii) the on/off tests were performed in order to show the repeatability of the processes 
during time. The experiment was performed under a constant shear rate of 1 s-1, while the field of the 
1.5 kV·mm-1 electric field strength was periodically applied in 300 s intervals. 

3. RESULTS AND DISCUSSION 

 
Figure 1 TGA/FTIR data for neat GO sheets (a) obtained in the temperature range from 180 to 270°C 

and their PMMA-grafted analogues (b) obtained in the temperature range from 220 to 350°C with denoted 
characteristic peaks 
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The ATRP was used as a precise and convenient technique to modify the GO surface with PMMA leading to 
enhanced compatibility with carrier fluid. As revealed by GPC, the weight-, and number-average molecular 
weights of PMMA grafts were found to be 6070 and 8170 g·mol-1, respectively. Narrow dispersity of PMMA 
grafts (~1.35) indicated well-controlled ATRP. These characteristics were reached after 2 h polymerization and 
82 % monomer conversion as detected by NMR. The TGA/FTIR spectra of neat GO and GO-g-PMMA 
structures are shown in Figure 1 with denoted peaks characteristic for the certain functional groups releasing 
the samples at the investigated temperature range. In addition to hydroxyl groups and CO double bond groups 
occurring in neat GO (Figure 1a), the peaks representing CH3 and CH2 fractions were found in the spectrum 
of GO-g-PMMA (Figure 1b) confirming the presence of PMMA grafts 

The modification of GO with PMMA grafts via ATRP was accompanied with simultaneous reduction of the GO 
substrate, which was investigated via Raman spectroscopy. The neat GO sheets were characterized by the D 
and G bands (Figure 2a) assigning the vibrations of disordered graphene sheets and vibrations of an ideal 
graphene sheets, respectively [19]. The Raman spectrum of GO-g-PMMA (Figure 2b) exhibited a slight shift 
of these bands due to reduction of GO due to induced reaction conditions (presence of PMDETA). The ID/IG 
ratio for neat GO was 0.90 due to harsh oxidation during Hummers method, which is a similar value as obtained 
Hafiz et al. [18]. The ID/IG ratio of GO-g-PMMA was 1.06 indicating that oxygen functional groups were 
diminished [20] due to modification. The 2D bands were assigned to decoupled multilayer graphene before as 
well as after the ATRP. 

 
Figure 2 Raman spectra of neat GO sheets (a) and their PMMA-grafted analogues (b) with denoted 

characteristic bands 

The electrical conductivity as a key property of the ER particles was investigated by four-point method. It was 
found, that the electrical conductivity of bulk GO was (1.09±0.17)x10-8 S·cm-1, which is rather low value for ER 
material [11]. However, the value of (6.90±0.83)x10-8 S·cm-1 was obtained for GO-g-PMMA particles, which is 
more suitable value [15]. The conductivity increase was explained as a consequence of particle reduction 
during ATRP as the tertiary amine (PMDETA) was present in the reaction mixture. As we have shown 
previously [17], the PMMA-grafts substantially improved the wettability of the particles in hydrophobic media. 
Therefore, it is expected that SO-based ER fluids containing GO-g-PMMA particles are more stable when 
compared with their analogues containing neat GO. Further, Figure 3 displays the ER behavior of prepared 
ER fluids. The both ER fluids exhibited similar rheological behavior in the absence of electric field with nearly 
Newtonian character. However, after the application of the electric field the shear stress significantly increased 
as the particles polarized and developed chain-like structures spanning the measuring geometry. The shear 
stress increase was superior in the ER fluid containing the GO-g-PMMA particles due to their higher electrical 
conductivity, which fell into optimal conductivity region for the ER materials [15]. According to a definition [1, 2], 
the ER phenomenon is a reversible process. This criterion must be fulfilled as the ER devices operate mainly 
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in switching on/off regime. Therefore, the reproducibility of the ER phenomenon was investigated (Figure 3b). 
As seen, both ER fluids were able to abruptly increase/decrease shear stress as a reaction on switching electric 
field thorough numerous operating cycles. Conclusively, the ER performance in terms of obtained shear stress 
values was significantly better for ER fluid containing GO-g-PMMA. 

 
Figure 3 The ER-behavior of the SO-based ER fluids containing 5 wt.% of the corresponding particles. 

Shear stress versus shear rate dependences (a) for the ER fluid containing neat GO sheets (solid symbols) 
or their PMMA-grafted analogues (open symbols) at the off-state (squares) and in the presence of 

0.5 (triangles), 1.5 (circles), and 2.5 kV·mm-1 (diamonds) electric field strengths. Shear stress as a function 
of time (b) during periodically switching on/off electric field (1.5 kV·mm-1) at a shear rate of 1 s-1 for the ER 

fluid containing neat GO sheets (solid circles) or their PMMA-grafted analogues (open circles) with denoted 
off/on states (white/yellow regions) 

4. CONCLUSIONS 

The novel ER material of GO-g-PMMA was prepared using surface-initiated ATRP. The PMMA grafts 
possessed molecular weight of 8170 g·mol-1 and narrow dispersity of ~1.35 indicating well-controlled 
polymerization process. In a single-step reaction, the GO sheets modification and their reduction were 
performed. The presence of PMMA grafts was proved via TGA/FTIR analysis revealing the peaks 
corresponding for the molecular fractions, from which the PMMA grafts were consisted. Their reduction was 
further demonstrated through electrical conductivity measurements and Raman spectroscopy. The enhanced 
compatibility in hydrophobic media and suitably higher electrical conductivity (appropriate for ER fluids) of GO-
g-PMMA sheets was reflected in superior ER performance of their SO-based suspension. The ER fluids 
containing GO-g-PMMA particles can develop more rigid field-induced structures, thus they have a potential 
to be used in practical applications. 
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Abstract 

We propose the sputtering deposition providing titanium thin films with controlled properties such as 
preferential crystallography and residual stress using Kaufman ion-beam source. The titanium thin films with 
thickness of ≈ 80 nm were deposited on [001] Si wafer covered by SiO2 deposited by plasma-enhanced 
chemical vapor deposition. To achieve the required crystallography and stress properties, we investigated the 
different beam voltage of Kaufman ion-beam source and controlled the substrate temperature during 
deposition using a built-in heater. We used two X-ray diffraction methods to determine the planes parallel to 
the sample surface and residual stress. We also measured the current-voltage curves to determine the 
resistivity (ρ) and the thermal coefficient of resistivity (α) of titanium thin films at different substrate 
temperatures using 4-probe measurement setup. We showed that it is possible to prepare stress-free  
titanium thin films with pure [001] orientation at the lowest beam voltage of 200 V and substrate temperature 
of ≈ 273 °C. The corresponding lattice parameters a0 and c0 were (2.954 ± 0.003) Å and (4.695 ± 0.001) Å, 
respectively. Electrical parameters of this sample as ρ and α were (9.2 ± 0.1)∙10-7 Ω∙m and  
(2.6 ± 0.2)∙10-3 K-1, respectively. We found out that these layers are well suitable for micro-electro-mechanical 
systems where the pure [001] orientation, no residual stress and low ρ and high α are essential. We found that 
ρ and α are dependent on each other. The ρ value was ≈ 2× higher than the bulk material value, which is an 
excellent result for a thin film with the thickness of ≈ 80 nm.  

Keywords: Titanium thin film, [001] orientation, stress-free, thermal coefficient of resistivity, resistivity 

1. INTRODUCTION  

Titanium is a commonly used material in microelectronics, microelectromechanical systems (MEMS) or 
microfluidic systems due to its low value of electrical resistivity of 4.2·10-7 Ω∙m. It also possesses an 
extraordinary chemical resistance, an excellent thermal stability, high melting temperature of 1668 °C, high 
hardness, and a very low number of crystallographic imperfections [1-5]. 

Titanium belongs to a group of biocompatible materials and is also compatible with the complementary-metal-
oxide-semiconductor (CMOS) processes; thus, it is commonly used for device fabrication using lines dedicated 
to CMOS production and research [6]. In a thin film format it is used in MEMS devices such as infrared 
bolometers [7], flexible and wearable heartbeat sensors [8], cochlear implants [9], piezoelectric resonators [3], 
piezoelectric energy harvesters [10], and microfluidic devices [11].  
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Titanium thin films are typically deposited by the physical vapor deposition (PVD) methods including thermal 
and electron beam evaporation, pulsed laser deposition, or sputtering, either magnetron or ion-beam based. 
Different deposition parameters and techniques result in various film properties such as crystallographic 
parameters, roughness, residual stress, electrical sheet resistance, and thermal coefficient of resistance [12]. 

Layers used in MEMS technologies are typically required to have minimal residual stress as this significantly 
affects the mechanical [13] and electrical [14] properties of the final device because the excessive stress level 
can negatively affect the device performance and even cause damage to its structural integrity [15]. The 
crystallographic orientation of thin titanium thin films is also crucial for properties of consequently deposited 
piezoelectric layers such as AlN [16]. 

Here, we report on a deposition of stress-free highly [001] oriented titanium thin film growth on SiO2 using a 
3-grid radio frequency inductive coupled plasma (RFICP) Kaufman ion-beam source. The most important 
advantage of the Kaufman ion-beam source is a well-defined process control. To achieve the required 
crystallography and stress properties, we investigated the different beam voltage of Kaufman ion-beam source 
and controlled the substrate temperature during deposition using a built-in heater. In our work, we concentrated 
on the investigation of the control of residual stress by the substrate temperature (T) and its influence on 
properties of titanium thin films especially on their preferential crystallographic orientation, resistivity (ρ) and 
thermal coefficient of resistivity (α). 

2. EXPERIMENTAL PART 

2.1. Deposition process 

We deposited the (80 ± 1) nm thick Ti thin film on substrates (20 × 20) mm. The substrates were cut out of p-
type Si wafers with diameter of ≈ 100 mm, crystallographic orientation of [100], thickness of ≈ 375 µm, and 
specific resistivity in the range from ≈ 6 Ω∙cm to ≈ 12 Ω∙cm covered with SiO2 layer deposited by plasma-
enhanced chemical vapor deposition with a thickness of ≈ 200 nm. The Ti thickness was monitored by 
calibrated quartz crystal microbalance method during deposition process. 

The Ti layers were deposited by the RFICP Kaufman ion-beam source (Kaufman & Robinson - KRI®) with an 
≈ 4 cm diameter Mo 3-grid dished focused ion optics with an ≈ 45° ellipse pattern. We used an Ar ion-beam 
with purity of 99.99999% to provide the bombardment of a ≈ 100 mm × ≈ 100 mm Ti target with the purity of 
99.995% under an incidence angle of ≈45°. Ion-beam space charge was reduced by KRI LFN 2000 charge 
neutralizer (KRI®). The vacuum chamber was evacuated to the pressure of ≈ 5∙10−7 Pa before each deposition 
process. To reach the required thin film parameters, we published earlier, we changed the beam voltage (BV) 
in the range from 200 V to 1200 V [17] and T was changed in the range from ≈ 105 °C to ≈ 295 °C [18]. 

2.2. Beam voltage and temperature influence 

In the first series of experiment, we changed the BV value in the range from 200 V to 1200 V at the constant 
temperature of ≈ 105 °C which is given by the flux of deposited material. In the second series of experiment, 
the T was changed in the range from ≈ 105 °C to ≈ 295 °C with constant ion-beam source BV determined from 
the first series of experiment. Other corresponding parameters such as acceleration voltage, beam current, 
radio frequency power, Ar gas flow, and space charge neutralization were set according to the KRI® datasheet 
recommendations [19]. In the second series of experiment, we changed the T in the range from ≈ 105 °C to 
≈ 295 °C.  

We used XRD in the Bragg-Brentano (BB) setup with the 2θ angle ranging from 30° to 90° to perform the 
phase analysis of all Ti thin films. The interval from 60° to 78° was excluded to avoid the high intensity of Si 
400 diffraction in this range. We detected diffraction peaks belonging to [100], [101] and [001] crystallographic 
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planes. For [001] crystallographic plane, second order diffraction 002 and fourth order diffraction 004 were 
measured since the first order diffraction is forbidden. The corresponding X-ray diffractograms for different BV 
and for different T are showed in Figure 1A and Figure 1B, respectively. 

 

Figure 1 X-ray diffractograms in BB setup of deposited Ti thin films showing the influence: A) of different BV 
in the range from 200 V to 1200 V at constant T of ≈ 105 °C; B) different T in the range from ≈ 105 °C to 
≈ 295 °C at constant BV of 200 V. The range from 60° to 78° was excluded due to Si 400 diffraction with 

intensity of several orders of magnitude higher than of the Ti diffraction peaks 

The obtained results for different BV (Figure 1A) show that there are changes in crystallography of deposited 
layers. In case of low BV of 200 V and 400 V, we achieved [001] preferential crystallographic orientation with 
small contribution of [100] planes parallel to the sample surface. On the other hand, the (100) contribution 
raised with higher BV, mainly in the range from 600 V to 1000 V. We also detected the small contribution of 
[101] plane orientation along with the [100] and [001] ones for the sample prepared at the highest BV of 1200 V. 

Since the sample prepared at the lowest BV of 200 V had the [001] preferential orientation with the smallest 
compound of [100] orientation, we fixed this BV value and other ion-beam source parameters and changed 
the T (Figure 1B). The T has influence on peak shift, which corresponds, to residual-stress in thin film, which 
is described in the next chapter. We also found out that the increasing T towards to ≈ 273 °C has positive 
influence on X-ray diffraction intensity, [100] plane removing and peaks have lower full width at half maximum 
(FWHM). Only the sample prepared at ≈ 295 °C has higher FWHM and there was detected the small 
compound of [101] plane parallel to the sample surface. The FWHM value of stress-free sample was ≈ 0.27 °. 

2.3. Determination of residual stress 

We measured the residual stress σf as substrate curvature (Figure 2A) and we also calculated the in-plane 
σxx and the out-of-plane σzz residual stress (Figure 2A) using the determined lattice parameters from peak 
position (Figure 2B). In-plane lattice parameters a were determined from measurement using parallel beam 
setup and the out-of-plane lattice parameters c were determined from measurement in BB setup  
(Figure 1B). We presented this method for residual stress characterization earlier [18].  
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Figure 2 A) Stress dependence of measured σf and calculated σxx, σzz, values on T; 

B) Dependence of measured a and c of deposited Ti thin films on T 

We found out that the Ti thin film deposited at BV = 200 V and T ≈ 273 °C has the zero residual σf value within 
the experimental precision of ≈ 0.1 GPa with the corresponding a0 = (2.954 ± 0.003) and 
c0 = (4.695 ± 0.001) Å. From the Figure 2A is obvious that the calculated values of σxx and σzz are in good 
agreement with measured σf determined from independent curvature measurement. The compressive residual 
stress is reduced with increasing T towards to tensile stress reached for the sample prepared at the highest T 
of ≈ 295 °C. Only first and second sample have lower compressive stress then next one which could be due 
to different ratio of impurities which were not removed at low T [20].  

2.4. Determination of electrical conductivity and thermal coefficient of resistivity 

In case of demanded applications, we determined α and ρ to prove if the Ti thin films are useful for MEMS 
applications, where these electrical parameters are important for correct functionality. Both parameters were 
determined from measurement based on 4-probe method. We measured all samples 5× to get more accurate 
values. We determined the ρ from current-voltage curves, which were measured in the range from  
-0.5 V to 0.5 V at constant temperature of ≈ 22 °C. The α parameter was additionally extracted as slope of 
resistivity dependent on sample temperature in the range from ≈ 25 °C to ≈ 110 °C. 

 
Figure 3 Determined values of α and ρ based on different T in the range from ≈ 105 °C to ≈ 295 °C at 

constant BV of 200 V 
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Figure 3 shows that there is certain dependence of ρ and α parameters on temperature. Although, the XPS 
did not show different results for all samples, this could be probably influenced by certain amount of impurities 
in Ti thin films, as it is excellent getter material. Measured values of the ρ were in the range from  
≈ 8.0∙10-7 Ω∙m to ≈ 10.2∙10-7 Ω∙m. It is obvious that values ρ and α dependent on each other. If the ρ is lower, 
the sample has also better value of α and on the contrary. We can define that the average value of ρ is ≈2× 
higher than the bulk material value, which is excellent for ≈ 80 nm thick layer. On the other side, the α was in 
the range from ≈ 2.3∙10-3 K-1 to ≈ 3.0∙10-3 K-1 which is reaching ≈ 71 % of bulk material value. This result is 
also good for such a thin film. 

3. CONCLUSION 

We presented a method to prepare the stress-free, pure [001] preferentially oriented Ti thin films with low ρ 
and good value of α deposited using the Kaufman ion-beam source. The experiments showed that BV and T 
have essential influence on crystallography, lattice parameters and residual stress of prepared Ti thin films. 

The BV has significant influence on crystallography. All the samples have [001] orientation. We found that with 
increasing BV in the range from 200 V to 1200 V increases the presence of [100] towards to BV = 1200 V, 
where small contribution [101] plane is also present. The sample deposited at BV = 200 V shows only small 
presence of [100] plane along the [001]. We set constant ion-beam source settings for the next part of 
experiments where we changed the T.  

We found that the T has essential influence on residual stress and obvious impact on crystallography. The 
compressive residual stress was reduced with increasing T from ≈ 150 °C towards the value of ≈ 295 °C where 
the tensile stress was reached. Samples deposited in the range of T from ≈ 155 °C to ≈ 273 °C show pure 
[001] orientation, while the sample deposited at ≈ 293 °C showed small contribution of [101] plane along the 
significant [001] plane. The stress-free sample was deposited at T ≈ 273 °C and had also the lowest FWHM 
of ≈ 0.27° and the highest diffraction peak. We determined the corresponding lattice parameters of this stress-
free sample as a0 = (2.954 ± 0.003) Å and c0 = (4.695 ± 0.001) Å. 

We measured the ρ and α electrical properties of all samples from second series. We obtained excellent results 
of electrical properties for 80 nm thick layer. The value of the ρ was in the range from ≈ 8.0∙10-7 Ω∙m to 
≈ 10.2∙10-7 Ω∙m which is ≈ 2× higher than the bulk material value. The value of α was in the range from ≈ 2.3∙10-

3 K-1 to ≈ 3.0∙10-3 K-1 reaching ≈ 71 % of bulk material value. These electrical parameters for stress-free sample 
with pure [001] orientation were ρ = (9.2 ± 0.1)∙10-7 Ω∙m and α = (2.6 ± 0.2) K-1. 

The presented behavior and properties of Ti thin films especially the parameters of stress-free sample are 
attributed to deposition by the Kaufman ion-beam source at specific deposition conditions. These thin films are 
well suitable for MEMS applications. Furthermore, such a high quality properties are not achievable by the 
conventional magnetron sputtering technique.  
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Abstract  

P-I-N diode structures based on the thin films of amorphous hydrogenated silicon (a-Si:H) deposited by Plasma 
Enhanced Chemical Vapor Deposition (PECVD) technique were prepared with embedded Si and Ge 
nanoparticles. The Reactive Laser Ablation (RLA) of germanium target was used to cover the intrinsic a-Si:H 
layer by Ge NPs under a low pressure of the silane. The RLA was performed using focused excimer ArF laser 
beam under SiH4 background atmosphere. Reaction between ablated Ge NPs and SiH4 led to formation of Ge 
NPs covered by thin GeSi:H layer. The deposited NPs were covered and stabilized by a-Si:H layer by PECVD. 
Those two deposition processes were alternated repeatedly. Volt-ampere characteristics of final diode 
structures were measured in dark and under illumination as well as their electroluminescence spectra. 

Keywords: a-Si:H, PIN diode, thin films, reactive laser ablation, nanoparticles 

1. INTRODUCTION  

Thin film semiconductor structures based of hydrogenated amorphous silicon (a-Si:H) prepared by plasma 
enhanced chemical vapor deposition (PECVD) are widely used for low cost and large area fabrication of 
optoelectronic devices, such as solar cells, light emitting diodes, sensors, etc. [1]. The nanocrystals and 
quantum dots are nanometer-scale semiconductor structures that represent one of the most intensively 
developing areas of modern semiconductor physics [2,3]. The semiconducting properties of Ge nanoparticles, 
especially convenient band gap, are reasons for the increase of absorption coefficient in the photon energy 
starting from 0.7 eV. Various forms of Si and Ge NPs are studied for other optoelectronic uses. It was shown 
that improved optical properties of Si and Ge NPs smaller than 5 nm are due to a combination of two effects: 
the stimulation of electron and hole radiative recombination rate due to increased overlap of electron and hole 
wave functions confined in the quantum dots (QDs) as well as the reduction of recombination rate via non-
radiative defects.  

In the last few years, we successfully applied the technological processes of the PECVD and molecular beam 
epitaxy for the deposition of the Ge NPs on the a-Si:H thin films [4-6]. We found the optimum deposition 
temperature to form nanocrystalline Ge particles on the surface of a-Si:H thin film to be 350°C. The Ge NPs 
were conglomerates of nanocrystals of size 10-15 nm and QDs with size below 2 nm embedded in amorphous 
Ge phase.  

We have studied solar cells, which were p-i-n structures based on a-Si:H with nc-Ge inclusions in the i-type 
layer [7]. The characteristics of these structures were compared with those of similar structures but without nc-
Ge. The results showed that the presence of Ge in the active region does not improve the solar cell 
characteristics; probably due to the fact that nc-Ge introduces additional recombination centers. On the other 
hand, we have shown that the photoluminescence intensity strongly correlates with the presence of isolated 
silicon nanoparticles in the mixed amorphous phase with embedded isolated silicon nanoparticles [8]. Thus, 
we have shown that the presence of Si NPs and related recombination centers can be used in light-emitting 
diodes and photodetectors for the visible and near-infrared ranges. 
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In this paper, we compare the volt-ampere characteristics and electroluminescence spectra of diodes based 
on thin film a-Si:H with and without embedded Si and Ge NPs. Our interest in this work is focused specially on 
the reactive laser ablation (RLA) technique which allows the formation of Ge nanocrystals with GeSi coat and 
their deposition on a-Si:H surface immediately after the interruption of the PECVD process. The combination 
of the RLA with PECVD is necessary requirement for the preparation of a-Si:H thin films with in situ integrated 
NPs.  

2. EXPERIMENTAL  

2.1. Plasma Enhanced Chemical Vapor Deposition and Reactive Laser Ablation 

The thin film P-I-N diode structures were deposited from silane SiH4 diluted in H2 using the capacity coupled 
13.56 MHz radio frequency glow discharge PECVD deposition process in stainless steal chamber with 
standard two electrodes configuration. The intrinsic layer was enriched in-situ with the presence of isolated 
silicon nanoparticles in the mixed amorphous and crystalline phase [8].  

The intrinsic a-Si:H layers were also deposited by RF discharge technique (13.56 MHz, 20W) in the special 
glass chamber optimized for RLA, see the Figure 1. The pressure of silane was kept at 12 Pa by needle valve 
(1), the layers were deposited on substrate (2) placed on a heated and grounded holder. Germanium 
nanoparticles were then deposited by ArF laser ablation (100 mJ/pulse) from elemental Ge target (3). Pressure 
of silane was maintained at 0.5 Pa to cover NP by GeSi:H layer. 

 
Figure 1 The schematic drawings of special glass vacuum chamber for the deposition a-Si:H thin films with 
embedded Ge NPs. The left picture shows the position of electrodes for RF PECVD deposition of a-Si:H. 

The right picture shows the position of target for his ablation by excimer laser. 

We realized both deposition processes in situ and alternate them for the deposition of the intrinsic a-Si:H layer 
with embedded nanoparticles. However, the present configuration does not allow to deposit doped a-Si:H 
layers in the glass chamber used for laser ablation and thus to produce the complete N-type, intrinsic and P-
type (P-I-N) diode structure in-situ in one deposition chamber. The P-type and the first intrinsic layer had to be 
made in the stainless CVD chamber, the second intrinsic layer with embedded nanoparticles in the glass 
chamber and the third intrinsic layer and N-type layer again in the stainless chamber. Therefore, the transfer 
between two deposition systems was necessary. 
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2.2. Volt-ampere characteristics 

The volt-ampere characteristics were measured in the triggered pulse mode in dark and under light 
illumination. The Keithley Model 3390 Arbitrary Waveform/Function Generator was synchronized via TTL 
trigger line with Keithley Model 6485 Picoammeter (5 ½ digit resolution) and Thorlabs Model MWWHLP1 
Mounted White LED. The LED provides the broad band illumination in 450-750 nm spectral range with 
maximum light output at the wavelength 600 nm and tunable light output power up to 2 W. Though, the applied 
LED illumination was not the solar simulator due to missing infrared light, the total light power density 100 
mW/cm2 had been calibrated with the certified a-Si:H thin film solar cell. The Keithley Model 3390 provides 
square voltage pulses with the amplitude up to ± 10 V (zero voltage is no available in pulsed mode, minimum 
amplitude is ± 20 mV. The voltage pulse duration is 25 ms at frequency 20 Hz. The current was measured 
using trigger delay 3 ms, the integration time 20 ms.  

2.3. Electroluminescence spectroscopy 

The steady-state electroluminescence spectra were measured at room temperature in the visible and near 
infrared spectra range 400 - 1600 nm in pulsed mode applying square voltage 50% duty cycle pulses at 10 Hz 
provided by the Keithley Model 3390 Arbitrary Waveform/Function Generator. The voltage amplitude was 
chosen to supply the forward current 3 mA. The electroluminescence light was collected by the f/1 objective 
to the monochromator HORIBA H20IR with spectral resolution 16 nm equipped with the Si and InGaAs 
photodiodes. The photodiode signal was detected by Signal Recovery Lock-in Amplifier Model 5105 
referenced to TTL pulses synchronized with Keithley Model 3390 Arbitrary Waveform/Function Generator. The 
electroluminescence spectra were recalculated for the spectral efficiency of monochromator grating and 
detectors. 

3. RESULTS AND DISCUSSION  

The common problem when measuring volt-ampere characteristics in DC mode is heating the sample due 
resistivity losses related to the electric current and optical absorption of the incident light followed by the drift 
of the volt-ampere characteristics and the degradation of the material. Therefore, we applied two ways how to 
reduce these effects. First, the 50% duty cycle triggered pulsed mode has been implemented instead of DC 
mode and second, the time of measurement has been minimized by optimizing the voltage pulse frequency, 
voltage range and voltage step. It has been found that for our samples the voltage range from -1 to 2V with 
step 50 mV is sufficient. The voltage as well as light were on for 25 ms during each step. The current noise 
was significantly reduced by using trigger delay 3 ms when reading the current and by switching off the voltage 
source when changing the picoammeter range.   

Figure 2 shows that the ex-situ deposition of the intrinsic a-Si:H layer without Ge NPs (#2) and with Ge NPs 
(#3) deteriorates forward current in comparison with the reference diode (#1), in which the deposition of the 
intrinsic layer was only interrupted. The complete P-I-N structure of the reference sample #1 including 
embedded Si nanoparticles has been prepared in the stainless steel PECVD chamber. The comparison shows 
the influence of the non-optimized intrinsic a-Si:H layer deposited in the RLA chamber and the formation of 
internal barriers. Positive result is unchanged plug-in parts I-V characteristics and diode regulator 4 to 5 orders 
of - and + 1 V. The integration of Ge NPs has led to a downward current flow.  

Electroluminescence spectra clearly show the different character of the integrated a-Si:H layer deposited in 
the glass chamber deposition system optimized for RLA, see the inlet graph in the Figure 2. The deposition 
of the fine-grained crystalline structure with embedded Si NPs typical of the reference sample #1 was 
interrupted by the inclusion of the a-Si:H layer with intermittent deposition, the electroluminescence itself being 
extinguished. In this structure, Ge NPs are also brightly inactive. 
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Figure 2 The dark volt-ampere characteristics of the reference sample #1, the sample #2 with the intrinsic a-
Si:H thin film prepared in RLA chamber without embedded Ge NPs and sample #3 with the intrinsic a-Si:H 

thin film and embedded Ge NPs prepared in RLA chamber. The inlet figure shows the relative intensity 
comparison of the electroluminescence spectra measured in pulsed mode under forward current 3 mA. 

 
Figure 3 The volt-ampere characteristics of the reference sample #1 and the samples #2 and #3 (with 

embedded Ge NPs) under white light LED illumination with the total power density 100 mW/cm2 
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The volt-ampere characteristics measured under white light LED illumination show the decrease of the 
photocurrent in samples #2 and #3 compared to the reference sample #1, see Figure 3. Thus, we conclude 
that the recombination defects are more related to the intermittent deposition of a-Si:H rather than to the 
integrated Ge NPs. We have also observed the decrease of the LED parallel resistivity by 3 orders of 
magnitude from about 100 MΩ in dark to about 100 kΩ under illumination. 

4. CONCLUSIONS  

Unlike the in-situ PECVD integration of Si NPs into a-Si:H layer in the stainless steal chamber, the integration 
of the Ge NPs into a-Si:H diode structures using RLA glass chamber did not demonstrate positive effects on 
increasing the efficiency of current diode structures, nor to any increase in radiant recombination on Ge NPs. 
The basic problem is the discontinuity of the deposition process of the entire layered diode, which leads to a 
significant influence on the structure of the undoped layer on the diode performance. Therefore we conclude 
that further research is needed to passivate the surface electronic states in Ge NPs to decrease the 
recombination of free carriers.   
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Abstract  

Zinc oxide nanorods as a potential material for nanoscale devices are prepared by chemical bath deposition 
(CBD). The effect of the quality of the sol-gel deposited seed layer on the vertical alignment of the nanorods 
to a silicon substrate is discussed. Emphasis is put on the investigation of the impact of the heat treatment on 
the properties of the seed layer deposited by dip-coating. The sol-gel method is a multi-stage process 
consisting of three principal steps: (i) preparation of a solution with suitable precursors, (ii) deposition of the 
precursor solution, and (iii) the heat treatment. The preheating needs to be performed to thermally decompose 
the zinc acetate precursor into zinc oxide seeds. Three different temperatures of preheating are compared 
(300 °C, 350 °C, 400 °C) followed by annealing in argon at 800 °C and the influence on the quality of the seed 
layers and vertical alignment of nanorods are discussed. When the preheating temperature is higher than 350 
°C, the seed layer comprises smaller and denser crystallites with a preferential orientation along the c-axis. 
CBD growth of ZnO nanorods on these seed layers results in their good vertical alignment. 

Keywords: ZnO nanorods, sol-gel, seed layer, heat-treatment, chemical bath deposition 

1. INTRODUCTION 

ZnO is an abundant non-toxic material with a high exciton binding energy (60 meV), a wide band-gap energy 
(3.37 eV at room temperature) and high electron mobility [1]. Zinc oxide nanorods (NRs) are an attractive 
material for many potential applications in nanoscale-engineering devices, such as piezoelectric and 
optoelectronic devices and photovoltaic cells [2-7].   

ZnO NRs can be grown either from the vapor phase by chemical or physical vapor deposition or in solution by 
chemical bath deposition (CBD) [8, 9]. The synthesis in the liquid phase has been studied over the past decade, 
since it is a low-cost, low-temperature, surface scalable, and easily implemented process [10]. However, the 
CBD growth of ZnO NRs strongly depends on (i) the morphology of the zinc oxide seed layer, namely on its 
crystal orientation, polarity, porosity, roughness and characteristic dimensions [11-13] as well as on (ii) the 
preparation conditions, such as temperature, time, pH, nature of chemical precursors and related 
concentrations [14-18]. 

It is well known that on commercially relevant substrates, such as glass or silicon, the presence of a thin seed 
layer is necessary for the nucleation and formation of ZnO NRs [8,11,17]. The seed layer usually consists of 
ZnO nanocrystals and can be prepared by vapor phase methods or by sol-gel process, where the precursor 
solution is deposited by dip-coating or spin-coating followed by a heat treatment. The properties  
of the seed layer, especially the morphology and crystallite orientation, have a crucial impact on the growth of 
ZnO NRs. The relationship between the seed layer quality and the vertical alignment of the NRs to a substrate 
is still not completely understood and it has been an objective of many recent studies [8,11,14,19-24]. 

The sol-gel synthesis in combination with dip-coating process includes several steps, of which most important 
are an immersion of the substrate into a precursor solution and subsequent heat treatment of the deposited 
layer. The key parameters that influence the sol-gel process are: (i) preparation of the precursor solution, 
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especially the nature and concentration of chemicals (precursors, solvents, additives), aging time  
of the solution, pH, air humidity; (ii) withdrawal speed by dip-coating and the substrate; and (iii) the heat 
treatment involving both the preheating and annealing, which both depend on temperature, time and 
surrounding atmosphere [13]. In this work we focused on the heat-treatment; we varied the preheating 
temperature in the range of 300 °C to 400 °C. This change influences the crystallinity and morphology of the 
seed layer and thereby affects the vertical alignment of ZnO nanorods grown by CBD. 

2. EXPERIMENTAL SECTION 

Zinc oxide seed layers were obtained by sol-gel synthesis. The chemical precursor solution was prepared  
by dissolving equimolar amount (0.375 M) of zinc acetate (ZAD, Zn(CH3COO)2 . 2 H2O) from Sigma-Aldrich 
and monoethanolamine (MEA, C2H7NO) in 2-methoxyethanol from Carl Roth. The solution was heated and 
stirred to dissolve ZAD and to initialize the hydrolysis of the sol. Then the polymerization continued  
for another 24 hours. The seed layers were deposited either by one, three, or five times repeated dip-coating 
process and, after each cycle of dip-coating, the silicon substrate was preheated at a temperature of 300 °C, 
350 °C, or 400 °C for 10 min in a laboratory muffle furnace to evaporate solvent and to decompose and remove 
the organic compounds. Finally, the prepared seed layers were annealed at 800 °C in argon atmosphere for 
1 h in a tube annealing furnace to obtain well crystallized seed layers and to ensure the final decomposition of 
the organic compounds. 

ZnO nanorods were grown on the seeded substrates by chemical bath deposition in solution of equal amount 
of 0.05 M of zinc nitrate (Zn(NO3)2 . 6 H2O) and hexamethylenetetramine (HMTA, C6H12N4) from Sigma-Aldrich 
dissolved in deionized water. The growth took place in a common batch reactor for all combinations of the dip-
coating steps and the preheating temperatures and in a µ-flow reactor on three times dip-coated substrates. 
The temperature and time were set to 95 °C and 2 h, respectively in both reactors, the flow rate in the µ-reactor 
was 2 µl / min. The volume of the µ-reactor made from aluminum was 130 µl and the depth of the reactor was 
1 mm. The great advantage of the µ-reactor is the possibility to achieve a temperature and concentration 
gradient while keeping constant concentration in separated parts of the sample during the whole growth. The 
growth solution is continuously exchanged and there is no concentration reduction due to the growth material 
consumption (as it is in a batch reactor). On the other hand, there is a decrease in the concentration along the 
µ-reactor length (Figure 1), which allow us to observe the concentration gradient. 

 

Figure 1 Schematic picture of Zn concentration gradient in the µ-flow reactor decreasing along the reactor 
length (dashed line) [25] 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

130 

Morphological properties of ZnO seed layers as well as of the NRs were characterized by scanning electron 
microscopy (SEM) and by X-Ray diffraction (XRD). SEM images were collected with Tescan Lyra3 GM using 
the In-beam SE detector. The XRD diffractograms were collected by XRD - diffractometer PANanalytical 
X´Pert PRO using the CuKα1 radiation in range of 30 ° to 80 °. 

3. RESULTS AND DISCUSSION 

The changes in morphological properties of the seed layers depend both on the number of dip-coating steps 
and on the temperature of preheating. Figures 2a-i shows representative SEM images of the seed layers with 
1, 3, and 5 dip coating steps and preheating temperatures of 300 °C, 350 °C, and 400 °C. The orientation of 
ZnO NRs depends strongly on the morphology and texture of the seed layers. The nucleation starts 
preferentially on the polar c-axis oriented ZnO nanocrystallites, and thus governs the basis for vertical growth 
of the ZnO NRs (Figures 3a-i). It should be noted that the ZnO NRs are better aligned when the 
nanocrystallites of the seed layer are smaller, denser, and the porosity of the seed layer is reduced. The 
diameter of crystallites decreases with increasing temperature of preheating. We assume that higher 
temperature facilitates the nucleation and leads to higher surface density of smaller nanocrystallites. Greene 
et al. used thermogravimetry (TG) and differential thermal analysis (DTA) to show that the temperature  
of approximately 335 °C is necessary for complete evaporation of liquid ZAD [8]. Furthermore,  
the appearance of exothermic effects at approximately 350 °C could be explained by combustion of residual 
organics and/or by crystallization of amorphous zinc oxide. Increase of the preheating temperature to 400 °C 
already leads to appearance of first nanoplatelets as can be observed in Figure 2. However, the presence  
of these nanoplatelets usually disturbs the vertical alignment of subsequently grown ZnO NRs (Figure 3).  

 
Figure 2 SEM images of the seed layers obtained by applying different preheating temperatures and 

numbers of dip-coating (DC) cycles: a - 300 °C, 5 DC; b - 350 °C, 5 DC; c - 400 °C, 5 DC; d - 300 °C, 3 DC; 
e - 350 °C, 3 DC; f - 400 °C, 3 DC; g - 300 °C, 1 DC; h - 350 °C, 1 DC; i - 400 °C, 1 DC. 
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Figure 3 SEM images of CBD grown ZnO NRs on the seed layers from Figure 2. Parameters of seed layers: 

a - 300 °C, 5 DC; b - 350 °C, 5 DC; c - 400 °C, 5 DC; d - 300 °C, 3 DC; e - 350 °C,  
3 DC; f - 400 °C, 3 DC; g - 300 °C, 1 DC; h - 350 °C, 1 DC; i - 400 °C, 1 DC 

Zinc oxide NRs grown by CBD deposition in µ-flow reactor under the same conditions as in the batch reactor 
with the flow speed of 2 µl / min, provided similar results. The concentration in this reactor decreases 
continuously along its length, which results in different sizes and shapes of the grown NRs. Nevertheless, the 
tendency for c-axis growth remains the same. The best vertical alignment was achieved by the growth  
on the seed layer preheated to 350 °C (Figure 4). 

 
Figure 4 Cross-sectional and top view SEM images of ZnO NRs grown in µ-flow reactor by CBD method on 
three times dip-coated seed layers with increasing temperature of preheating: a, d - 300 °C; b, e - 350 °C;  

c, f - 400 °C 
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The c-axis orientation of ZnO nanorods was approved and quantified by the XRD analysis, which gives us 
detailed view on morphological properties throughout the sample. It was confirmed by the increase  
of intensity on (002) peak that the orientation in c-axis increases with the preheating temperature from  
300 °C to 350 °C and 400 °C, respectively (Figure 5). The highest value of the intensity and the best alignment 
in c-axis have the samples with the preheating temperature set to 350 °C. 

 
Figure 5 XRD patterns obtained for the samples preheated at 300 °C (red line), at 350 °C (blue dashed line) 
and at 400 °C (green line). Comparing the intensities of the characteristic peak for ZnO orientation in (002) 

4. CONCLUSION 

We presented the impact of preheating temperature applied subsequently after dip-coating on the properties 
of the seed layers and on the growth of ZnO NRs. Three different temperatures of the heat treatment were 
employed (300 °C, 350 °C, 400 °C) in combination with varying number of dip-coating steps (1, 3, 5 cycles). 
The results were validated by CBD growth in two reactors, in the batch reactor and in the µ-flow reactor.  
A conventional temperature of preheating is 300 °C; however, we have realized that the appropriate 
temperature of preheating is 350 °C. The density of crystallites increases while the surface porosity and  
the size of crystallites decrease with increasing preheating temperature. When the preheating temperature  
is too high (above 350 °C), some of the crystallites develop into platelets during annealing in argon at 800 °C 
and disturb vertical orientation of the ZnO NRs. Our results correspond with the thermal analyses that proved 
the necessity to increase the preheating temperature above 335 °C [8]. Although, this fact has been known for 
several years, many procedures of preparation of the seed layer use lower temperatures of preheating. The 
preheating temperature is a crucial parameter in obtaining well crystallized seed layers and perfectly aligned 
ZnO nanorods. 
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Abstract 

This study is focused on the synthesis of core-shell type of magnetic particles, where magnetic core is carbonyl 
iron (CI) microparticles and conducting shell is poly(2-(1H-pyrrole-1-yl)ethyl methacrylate) (PPEMA) 
synthesized using atom transfer radical polymerization (ATRP) technique. In order to obtain core-shell particles 
the surface-initiated (SI)-ATRP is used, where both benefits, magnetic behaviour of core and conducting 
behaviour of shell, are advantages for their intended application as materials for electromagnetic shielding of 
piezo-resistors. Basic characterizations of the neat CI and CI-PPEMA particles such as magnetization 
saturation using and conductivity using dielectric spectroscopy are performed. Also the confirmation of the 
controllable coating using gel permeation chromatography and nuclear magnetic resonance are provided. The 
successful modification of CI with PPEMA is investigated using Fourier transform infrared spectroscopy. It is 
also proved by dielectric spectroscopy if such CI-PPEMA particles possess enhanced properties in comparison 
to neat CI particles and thus should exhibit the improved capability in electromagnetic shielding. 

Keywords: Carbonyl iron, SI-ATRP, pyrrole, hybrids, electromagnetic shielding 

1. INTRODUCTION 

Magnetorheological elastomers (MREs) are special type of materials, those toughness can be tuned by 
application of external magnetic field and generally belong to the class of materials called smart materials  
[1-3]. These are usually composed of two phases represented by the filler and matrix, when filler is in the most 
cases carbonyl iron (CI) particles possessing excellent magnetic performance and elastomeric matrix mainly 
based on various polydimethylsiloxanes (PDMS) [4, 5] or synthetic rubbers such as SBR, NBR, etc. [6, 7]. 

Next to the already mentioned controllable toughness, also other properties of such materials can be achieved, 
such as magnetostriction or electromagnetic shielding [8, 9]. In this case the proper dispergation of the particles 
is necessary and also the off-state stiffness of the matrix play a crucial role in the case of magnetostriction [10] 
or proper dielectric and magnetic properties are necessary in case of electromagnetic shielding [11]. 

There are various approaches, how to reach the mentioned goals. In order to reach controllable off-state 
stiffness of the matrix, in case of PDMS, the lower cross-linking density can be achieved by establishing the 
ratio between the monomer and cross-linker [10] or addition of the silicone oil to the PDMS systems [12]. In 
case of electromagnetic shielding, the addition of various conducting fillers to the MREs can be used [13], or 
utilization of the hybrid fillers based on magnetic particles [14] or development of core-shell particles mainly 
based on non-covalent modification [15]. 

Therefore the main aim of this study is to prepare the magnetic particles covalently modified with conducting 
polymer poly(2-(1H-pyrrole-1-yl)ethyl methacrylate) (PPEMA) by utilization of atom transfer radical 
polymerization (ATRP) approach enabling us to prepare the core-shell particles with covalently bonded 
conducting polymer layer. Such particles were properly characterized by various spectroscopy techniques and 
magnetic capability and electrical conductivity were properly investigated. 
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2. EXPERIMENTAL 

2.1. Materials 

CI BASF, ES grade min. 97% iron contain. 2-choloroethanol (EtOCl, 97%), pyrrole (Py, 98%) methacryloyl 
chloride (98%), aminopropyl(triethoxy) silane as a coupling agent (APTES, 97%), initiator α-bromoisobutyryl 
bromide (BiBB, 98%) where the initiator bonding was performed in the presence of proton scavenger, 
triethyleneamine (TEA, ≥99%), ethyl α-bromoisobutyrate (EBiB, 98%), N,N,N´,N´´,N´´-
pentamethyldiethylenetriamine (PMDETA, ≥99%), copper bromide (CuBr, ≥99%) and anisole (99%) were used 
as a monomer, initiator, ligand, catalyst and solvent, respectively. Diethyl ether (ACS reagent, anhydrous, 
≥99%) and sodium sulfate (anhydrous, ≥99%) were used as a drying agent. All chemicals were purchased 
from Sigma Aldrich (USA) and were used without further purification. Tetrahydrofurane (THF, p.a.), 
dichloromethane (p.a.), isohexane (p.a.), ethylacetate (p.a.), acetone (p.a.), ethanol (absolute anhydrous, 
p.a.), toluene (p.a.), and potassium hydroxide (KOH, p.a.) were obtained from Penta Labs (Czech Republic). 
Deionized water (DW) was used during all experimental processes and washing routines. 

2.2. Initiator bonding 

The CI particles have been covalently modified with APTES according to the procedure described elsewhere 
[10]. The NH2 functional groups presented on the surface of after APTES modification were used as active 
sites for attachment of BiBB molecules. In a simple procedure, the CI (5 g), dried THF (60 mL), and TEA 
(12 mL) were mixed under argon atmosphere at a temperature of ~5 °C ensured by an ice/water bath, while 
BiBB (10 mL) was dropwise added. The product was washed with THF, acetone and DW several times and 
then decanted using permanent magnet. The excess of water from treated particles was removed by vacuum 
drying at 60 °C overnight. 

2.3. Synthesis of 2-(1H-pyrrole-1-yl)ethyl methacrylate monomer 

There is a two-step synthesis, when firstly freshly distilled Py reacts with EtOCl. The synthesis was performed 
as follows: Magnetic stirrer and KOH were evacuated for 30 minutes in 3-neck flask and backfilled with argon. 
Dried DMSO (100 mL) was added under argon atmosphere. Freshly distilled Py (4 mL) was bubbled with argon 
for 15 minutes and added to the mixture. Finally, 30 minutes bubbled EtOCl (1.6 g) with argon was added 
dropwise at velocity of 4 mL/hour. Reaction was carried out for 12 hour at ambient temperature. Mixture was 
extracted with dichloromethane and brine 3 times and dried over sodium sulfate. Then the column extraction 
was performed with eluent isohexane:ethylacetate in ratio 3:2, then again column extraction in 
isohexane:ethylacetate in ratio 2:1 and pure product, 2-(1H-pyrrole-1-yl)ethanol (HEP) (yellowish liquid) after 
evaporation of solvent excess using vacuum rotator has been obtained. Yield of this reaction was calculated 
as 75 %. The product was dissolved in CDCl3 and characterized using nuclear magnetic resonance (NMR). 
1H NMR (CDCl3): δ 6.70, 6.18 (t, C4H4N), 4.07 (t, NCH2CH2), 3.84 (t, HOCH2CH2), 1.75 (s, COH). 

In the second step, the reaction was carried out in the 3-neck flask equipped with magnetic stirrer evacuated 
for 30 minutes and backfilled with argon. Dried dichloromethane (20 ml) was added to the mixture under argon 
atmosphere. HEP (1.5 g) with Et3N (2.8 ml) were bubbled 15 minutes with argon and added to the mixture and 
the temperature between 0-5 °C was maintained for 1 hour. Freshly distilled methacryloyl chloride (1.6 ml) was 
added dropwise at velocity 5 ml/hour. Then was the mixture further maintained for 2 hours between 0-5 °C. 
Reaction was carried out for another 14 hours at ambient temperature. First extraction was performed with 
dichloromethane to the water 3 times, in order to dissolve created ammonium salt. Second extraction was 
performed with dichloromethane to the brine 3 times to purify the product and dried with sodium sulfate. 
Product was obtained after evaporation of solvent excess with vacuum rotator. Finally, the product was cleaned 
through the neutral alumina using dichloromethane. Yield of this reaction was calculated at 72 %. 
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2.4. ATRP polymerization of PPEMA 

In order to prove that prepared monomer PEMA can be synthesized using ATRP approach, the general 
procedure was utilized. Schlenk Flask (SF) equipped with magnetic bar was evacuated several times and then 
backfilled with argon. Then monomer PEMA (0.3 g; 1.3 mmol), PMDETA (0.0035 mL; 0.016 mmol), EBiB 
(0.0025 mL; 0.016 mmol) and anisole (0.3 mL; 50 vol. %), were stepwise injected into the SF under argon 
atmosphere. Several freeze-pump-thaw cycles with liquid nitrogen were performed to eliminate residual 
oxygen from the polymerization mixture and finally the flask was filled with argon. The polymerization was 
initiated by addition of CuBr catalyst (0.0023 g; 0.016 mmol) to polymerization mixture and placing the reaction 
flask into the oil bath pre-heated to 70 °C. The reaction mixture was stirred at 250 rpm for 4.5 hours and then 
the reaction was stopped by opening the flask. 

2.5. Grafting of CI with PPEMA 

The CI particles with bonded initiator (1 g) were transferred into a SF equipped with a gas inlet/outlet and a 
septum. The system was evacuated and backfilled with argon several times. Then the similar procedure as for 
polymerization of PEMA was used and same ratios as were described above were used. The reaction was 
performed in glove-box and mechanical stirring was used to achieve the proper particle dispergation during 
the synthesis. The resulting particles were washed with THF and acetone and collected using permanent 
magnet. Particles were dried in the vacuum oven under reduced pressure and 50 °C and further analyzed. 
The grafted polymer chains which grown similarly as the polymer chains from sacrificial initiator were 
investigated using gas permeation chromatography (GPC). 

2.6. Characterization 
1H NMR spectra were recorded at 25 °C using an instrument (400 MHz VNMRS Varian, Japan) with deuterated 
chloroform (CDCl3) as a solvent. The molar mass and dispersity (Đ) of PPEMA chains were investigated using 
GPC technique on the GPC instrument (PL-GPC220, Agilent, Japan) equipped with GPC columns (Waters 
515 pump, two PPS SDV 5 μm columns (diameter of 8 mm, length of 300 mm, 500 Å + 105 Å) and a Waters 
410 differential refractive index detector) tempered to 30 °C. The samples for GPC analysis were prepared by 
their dilution with THF, followed by the purification process, in which they were passed through a neutral 
alumina column. Fourier transform infrared (FTIR) spectra (64 scans, resolution of 4 cm-1) were recorded on 
a Nicolet 6700 (Nicolet, USA) within a wavenumber range of 3600-600 cm-1, while the attenuated total 
reflectance (ATR) technique with a Germanium crystal were employed. The spectra were recorded at room 
temperature. The powders were compressed to the form of pellets (diameter of 13 mm, thickness of 1 mm) on 
a laboratory hydraulic press (Trystom Olomouc, H-62, Czech Republic). The pellets were used for electrical 
conductivity measurements which were performed by two-point method at laboratory temperature with the help 
of electrometer (Keithley 6517B, USA). Dielectric properties were investigated also on the pellets using 
impedance analyzer (Novocontrol, Concept 40, Germany). 

3. RESULTS AND DISCUSSION 

3.1. SI-ATRP of PPEMA from the surface of CI particles 

The PPEMA was investigated using both GPC and FTIR. In addition, FTIR of the neat CI as well as CI-PPEMA 
particles were investigated and the spectra can be seen in the Figure 1 right. GPC of PPEMA (Figure 1 left) 
proved controlled radical polymerization and thus controllable thickness of the PPEMA shell on the surface of 
the particles similarly as was done elsewhere [10]. It can be seen that polymerization proceed relatively quickly 
due to the presence of the CI particle those enhancing the catalysis of the ATRP process (Figure 1 left). The 
presence of the grafted polymer on the surface of CI was confirmed via FTIR (Figure 1 right c) where typical 
absorption bands for PPEMA also appears in the CI-PPEMA particles. 
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Figure 1 (left) GPC spectra of the of PPEMA chains formed at various times during grafting process and 

(right) FTIR spectra of the (a) neat PPEMA, (b) neat CI, and (c) CI-PPEMA 

3.2. Magnetic properties 

 
Figure 2 Magnetic properties of neat CI () and CI-PPEMA () particles 

As can be seen in the Figure 2, the magnetization saturation of the neat CI particles is 198 emu/g and nearly 
negligible coercivity and magnetic remanence was measured. After covalent modification of the CI with 
PPEMA, the magnetization saturation just negligibly decreased to 192 emu/g probably due to the nano-size 
thickness of the PPEMA polymer layer, which was also seen in the case of utilization of ATRP for modification 
of CI particles elsewhere [10]. Thus the magnetic properties sustain on the same level, while the conductivity 
was considerably improved as was investigated further in the paper. 

3.3. Conductivity and dielectric properties 

In order to confirm the possibility of such CI-PPEMA particles for application as electromagnetic shielding 
material, the dielectric spectra were measured (see Figure 3). Since the both magnetic and electric properties 
play an important role in electromagnetic shielding, this investigation brings crucial information of the suitability 
of such particles. The magnetic properties were negligibly affected by PPEMA coating, while the conductivity 
increased in three orders of magnitude. Therefore, it can be stated that such improvement in the dielectric 
properties will lead also to enhance electromagnetic shielding. 
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Figure 3 Dielectric spectra for neat CI () and CI-PPEMA () particles 

4. CONCLUSION 

In this study, it was developed a novel approach how to synthesize the particles possessing both magnetic 
and electric activity, when the magnetic particles of CI were controllably coated with novel conducting polymer 
PPEMA. The monomer PEMA was synthesized and characterized via 1H NMR. The polymerization was 
optimized and final product was characterized using GPC and conductivity measurements. Successful grafting 
and influence of the CI particles on the polymerization was investigated and confirmed via FTIR and GPC, 
respectively. Final properties of CI-PPEMA such as dielectric properties were correlated with bare CI in order 
to see the difference in the mentioned properties and it was proved that such modification can lead to the 
improved capability of such system in electromagnetic shielding. 
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Abstract 

This paper deals with the synthesis of silver nanoparticles (Ag NPs) under different reaction conditions, such 
as temperature and UV irradiation. We investigated how these variant parameters can affect the final 
properties of Ag NPs, mostly their size, shape and stability. It is well known that diameter and shape of 
nanoparticles influence their physical, biological and chemical properties and thus predict their applications in 
different fields. Tailoring final features of Ag NPs during the synthesis gives us the possibility to prepare 
nanoparticles with required properties, specifically as antimicrobial or antifungal agents. The prepared 
nanoparticles were characterized by following methods; transmission electron microscopy, scanning electron 
microscopy and absorbance in UV-VIS region. 

Keywords: Silver nanoparticles, synthesis, UV irradiation, temperature, shape, size 

1. INTRODUCTION 

Nowadays, nanochemistry frequently uses metallic nanoparticles with unique properties, compared to their 
macro scaled counterparts, coming from their high surface to volume ratio [1, 2]. Silver nanoparticles (further 
denoted as Ag NPs) can be utilized thanks to their remarkably distinct physical, biological and chemical 
properties in various research areas such as physics, optics, chemistry, biology, pharmacy or medicine [3, 4]. 
These features of Ag NPs are significantly affected by their shape and size [5, 6]. The ideal Ag NPs should 
have small particle dimension, high surface area, quantum confinement or colloidal stability [1,2]. Recently Ag 
NPs have been used for antimicrobial purposes [3]. For instance, antibacterial activity is very favorite not just 
in research or medicine but also in commercial products such as clothes with nanosilver exploited for instance 
in army [7]. This antibacterial effect is very closely related with Ag NPs size; general postulate is that the 
smaller is the silver nuclei, the higher is antibacterial activity [8]. Control of size and shape of Ag NPs can be 
reached by various preparation techniques using reducing agents and stabilizers. It is also well known that 
silver based materials are significantly toxic to microorganisms; exactly to 16 major species of bacteria 
including E. coli [9]. However, in many of these applications the Ag NPs are not sufficiently bonded to the 
surface of material and after few cycles of usage are easily released to the aquatic environment where causing 
irreversible changes in living organisms [10]. Thus their covalent bonding to the material is very important and 
challenging, while remaining their antimicrobial features. Therefore, the key step is to provide suitable 
stabilization coating for Ag NPs together with their effective immobilization on any requested surface. 
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2. EXPERIMENTAL PART 

2.1. Chemicals 

Silver nitrate was purchased from PENTA and both reducing agents were purchased from Sigma Aldrich. All 
materials with chemical purity p.a. were used without further purification. Every reaction reagent was prepared 
in aqueous solution using demineralized water. 

2.2. Synthesis of silver nanoparticles 

Ag NPs were prepared by wet chemical method. The synthesis was based on a precursor of silver ions, i.e. 
1 mM silver nitrate solution which was reduced by two different reducing agents poured to the reaction solution 
at the same time. The first reducing agent was 2 mM sodium citrate solution. Sodium citrate is a weak reducing 
agent, if it would be used as the only reducing agent, it would significantly prolong the time of reaction and its 
interaction with silver nitrate is happening only at higher temperature, approx. 80 ˚C [11]. Sodium citrate plays 
also a role of stabilizer. The second used reducing agent was 1 mM hydrazine hydrate, which is a strong 
reducing agent. The reaction solution was placed on magnetic stirrer with 200 rpm during entire reaction and 
time of reaction was 30 min.  

Four different temperatures, namely 30 °C, 40 °C, 60 °C, and 80 °C were investigated as a parameter affecting 
the properties of Ag NPs such as the size and shape. All aqueous solutions were heated to the same desired 
temperature. This reaction was performed in the dark place. 

Another tested parameter during the synthesis was a different wavelength of UV irradiation, namely: 254 nm, 
366 nm and 400 nm. These three types of reactions were held at temperature of 22 °C. UV source with 
radiance intensity of 5 mW/cm2 was placed in 3 cm above the top of the beaker with reaction solution.  

Final colloidal solutions of Ag NPs were purified by ultracentrifugation at 14 500 rpm three times for 30 min. 
Ag NPs were stored in demineralized water in dark bottle in the fridge. Ag NPs were characterized by several 
methods to determine their size and shape; scanning electron microscopy (SEM), transmission electron 
microscopy (TEM) and absorbance in UV-VIS region. 

3. RESULTS AND DISCUSSION 

We investigated an effect of two synthesis parameters, namely temperature and wavelength of UV irradiation 
on final properties of Ag NPs. All prepared samples and conditions of experiments are listed in the Table 1 
below. 

Table 1 List of prepared samples of Ag NPs under different conditions 

sample name wavelength (nm) temperature (°C) 

Ag 30 darkness 30 
Ag 40 darkness 40 
Ag 60 darkness 60 
Ag 80 darkness 80 

Ag 254 254 22 
Ag 366 366 22 
Ag 400 400 22 

3.1. Effect of different temperature 

The first investigated parameter was the temperature. According to SEM analysis, the changing temperature 
significantly affected the Ag NPs shape and size distribution as well. Figure 1 shows SEM images of all Ag 
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NPs samples prepared at different reaction temperatures: 30 °C (sample Ag 30), 40 °C (sample Ag 40), 60 °C 
(sample Ag 60) and 80 °C (sample Ag 80). Color of sample Ag 30 changed immediately after adding reducing 
solutions into nitrate solution to dark green. Size and also shape distribution is very broad: there is no shape 
or size population which dominates. Shape of Ag NPs is anisotropic and asymmetric with mostly squared or 
sharp edges. Ag NPs from sample Ag 40 started to form immediately after adding reducing agents into 
aqueous solution of silver nitrate, which was observed by changing of color to dark green. These Ag NPs are 
very similar to previous sample at shape and size distribution but Ag NPs from this sample have more rounded 
shapes and edges and the amount of Ag NPs with smaller diameter increased as well. Color of sample Ag 60 
changed immediately after adding reducing solutions into silver nitrate solution to dark red, which pointed to 
creation of Ag NPs. Size and shape of Ag NPs are closer to homogeneous distribution than in two previous 
samples. Shape of these Ag NPs is nearly spherical. Sample Ag 80 changed color to dark red immediately 
after adding reducing agents into solution of silver nitrate. Ag NPs are separated and covered probably by 
sodium citrate, which plays a role of stabilization of Ag NPs. Shape is nearly spherical. All prepared solutions 
were stable for 7 days after preparation; a sediment on the bottom of the vessel was observed after this period. 

 

Figure 1 SEM images of Ag NPs prepared at different temperatures: 30 °C, 40 °C, 60 °C, 80 °C 

Figure 2 shows absorption spectra of samples Ag 30, Ag 40, Ag 60 and Ag 80 with absorption maximum of 
surface plasmon resonance (SPR) at 420 nm, which is typical for Ag NPs. It is visible that with increasing 
temperature, the broadness of absorption peaks decreases, which points to decreasing size of Ag NPs what, 
is confirmed by SEM analysis as well.  

 
Figure 2 Absorbance spectra of Ag NPs prepared under different temperatures; 30 °C, 40 °C, 60 °C, 80 °C 
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3.2. Effect of different wavelength 

The second investigated parameter was UV irradiation with three different wavelengths - 254 nm, 366 nm and 
400 nm. Figure 3 shows SEM analysis of samples Ag 254, Ag 366 and Ag 400. Color of all solutions turned 
to green in 1 min after addition of reducing solutions into aqueous solution of silver nitrate. Sample Ag 254 
evince Ag NPs with smaller diameter and nearly spherical shape. Sample Ag 366 shows Ag NPs with mostly 
rounded shape but amount of Ag NPs with bigger diameter increased. Sample Ag 400 shows very broad size 
and shape distribution; it includes nearly spherical Ag NPs with smaller diameter and also bigger objects with 
higher diameter and anisotropic shape. According to the literature, with longer wavelengths the shape of Ag 
NPs should turn from spherical to anisotropic. These colloidal solutions were stable for 5 weeks from 
preparation procedure [5, 12]. 

 
Figure 3 SEM images of Ag NPs prepared under UV irradiation with three different wavelengths: 254 nm, 

366 nm and 400 nm 

TEM images in Figure 4 show Ag NPs prepared under UV irradiation with three different wavelengths; 254 
nm, 366 nm and 400 nm. Ag NPs from sample Ag 254 evince spherical shape with diameter about 50 nm. 
Size and shape distribution of Ag NPs in colloidal solution Ag 366 with increasing wavelength changed to 
broad. This sample includes triangles with truncated tops, spheres and also rods. Ag NPs from sample Ag 400 
are very similar to sample Ag 366. Their size and shape distribution is also very broad but amount of Ag NPs 
with anisotropic shape increased. The mean size of Ag NPs is from 10 nm up to 50 nm. 

 
Figure 4 TEM images of Ag NPs prepared under UV irradiation with three different wavelengths; 254 nm, 

366 m, and 400 nm 

Absorption spectra of samples Ag 254, Ag 366 and Ag 400 are shown in Figure 5. All samples have typical 
absorption maximum of SPR at wavelength of 420 nm. The absorption spectra of samples Ag 254 and Ag 366 
are very similar. Absorption spectrum of sample Ag 400 is different; it exhibits the secondary absorption peak 
at longer wavelengths which is caused by Ag NPs with anisotropic shape [13]. Intensity of absorbance is 
different at each sample; it is caused by different concentration of Ag NPs in colloidal solution. 
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Figure 5 Absorbance spectra of Ag NPs prepared under UV irradiation with three different wavelengths;  

254 nm, 366 nm and 400 nm 

4. CONCLUSION 

It is visible that the changing conditions such as temperature and UV irradiation with different wavelengths can 
significantly change final Ag NPs in solution; mostly their size and shape. With changing temperature, Ag NPs 
changed their size and shape. Employing higher temperature resulted in more narrow distribution of Ag NPs, 
where spherical shape became dominant together with smaller diameter of Ag NPs. UV-induced synthesis 
seems to be very efficient route how to prepare Ag NPs with exact physical properties for specific application 
as well. Utilization of different wavelengths can significantly affect size and shape distribution of colloidal Ag 
NPs. The shorter was the wavelength, the more spherical shape and smaller diameter of Ag NPs were 
observed. Size or anisotropic shape of Ag NPs can significantly affect absorption spectra of Ag NPs, which 
can be visible as an occurrence of more peaks in absorption spectrum. 
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Abstract 

Vertical periodic arrays of ZnO nanorods are prepared by hydrothermal growth on GaN templates patterned 
by focused ion beam. Electro-physical properties of a single vertically-oriented ZnO nanorod are investigated 
by measuring the current-voltage characteristics using a nanoprobe in a scanning electron microscope. This 
technique enables to observe the surface morphology of ZnO nanorods simultaneously with their electrical 
characterization in vacuum. The vacuum chamber rejects the impact of gas adsorption and light irradiation, 
which both affect the properties of ZnO nanorods. Moreover, mechanical damage and strain induced during 
the nanorod transfer are eliminated. Nonlinear current-voltage characteristics under the forward bias are 
explained by the tunneling-recombination process and by the space charge limited current. The high reverse 
bias current in the p-n heterojunction is attributed to direct tunneling via a narrow tunnel barrier. 

Keywords: Hydrothermal growth, nanoscale heterojunctions, in-situ current-voltage measurements,  
        nanomanipulator, scanning electron microscope, ZnO/GaN heterojunction, ZnO nanorod 

1. INTRODUCTION 

Nanoscale heterostructures are promising functional components for a new generation of electronic and 
photonic devices. The high demand for the light-emitting devices, photodetectors, solar cells, and gas sensors 
increases interest in the development of the nanoscale heterostructures [1]. ZnO nanorods (NR) are 
particularly appropriate candidates for the fabrication of nanoscale p-n heterojunctions. ZnO is an abundant 
wide-bandgap (3.37 eV at room temperature) semiconductor with the large exciton binding energy (60 meV). 
It crystallizes in the wurtzite structure with a close match to GaN lattice [2]. Moreover, it easily forms several 
types of nanostructures that are suitable for the manufacturing of vertically stacked devices [3]. 

In this work, electro-physical properties of a single vertically-oriented hydrothermally grown ZnO NR on GaN 
templates are investigated by measuring the current-voltage (I-V) characteristics. The contact to a single NR 
is obtained by a nanoprobe in the chamber of a scanning electron microscope (SEM), which allows for a 
simultaneous measurement of the I-V characteristics and observation of the surface morphology. Moreover, 
using this technique we eliminated the influence of (a) a surrounding dielectric and/or neighboring NRs (as in 
the case of the NR array) [4], (b) the impact of the gas adsorption [5] and light illumination [6], (c) the strain 
induced during the ZnO NR transfer to other substrates [7]. 

2. EXPERIMENTAL METHODS 

The ZnO NRs were grown hydrothermally in a 5mM aqueous solution of zinc nitrate hexahydrate and 
hexamethylenetetramine at 95 °C for 2 hours on epitaxial layers of p-GaN:Mg on sapphire (HVPE; Kyma, Inc.) 
[8]. The thickness of the GaN epi-layer was 2 µm, the acceptor concentration NA = 5∙1017 cm-3. To create a 
back ohmic contact (Figure 1a) a 50 nm film of Ni covered with a 40 nm film of Au was thermally evaporated 
on the p-GaN surface through a simple mask with circular holes and was subsequently annealed at 500 °C. 
Prior the growth of ZnO NRs, the GaN film was thoroughly cleaned using a standard procedure of ultrasonic 
bathing in acetone with subsequent etching in concentrated ammonium hydroxide solution (28%, 50 °C, 
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20 min). Further, a 200 nm poly(methyl methacrylate) (PMMA) film was deposited by spin-coating. Ga+ 
focused ion beam (FIB) was employed to fabricate the array of circular holes in the PMMA layer. The 
acceleration voltage was 30 keV and the probe current was 57 pA. The patterned PMMA layer served directly 
as a lithographic mask. A standard lift-off procedure was performed after the growth process. The control of 
the size and morphology of the ZnO NR was carried out using the Tescan Lyra 3 GM FIB/SEM system. The I-
V characteristics of the nanoscale heterojunction formed by a single n-type ZnO NR on p-type GaN substrate) 
were measured in the chamber of SEM using a SmarAct nanoprobe with a tungsten tip (Figure 1b) and 
Keithley 236/237 measure unit driven by the lab-made script (Python 3.6). 

a)  b) 

Figure 1 (a) Flowchart of the fabrication process of the arrays of ZnO NRs and (b) SEM images of the 
individual hexagonal monocrystalline ZnO NR contacted by the nanoprobe. The inset shows schematically 

the twist and shear deformation of a ZnO NR under stress imposed by the nanoprobe. 

3. RESULTS AND DISCUSSION 

3.1. Current-voltage measurements of n-ZnO/p-GaN heterojunctions 

The wiring diagram for the electrical characterization of individual ZnO NRs is shown in Figure 2a. According 
to simple Anderson model, the n-ZnO/p-GaN heterojunction has type II band alignment with the band 
discontinuities ΔEc = 0.15 eV, ΔEv = 0.13 eV [9]. 

  

a) 
 

b) 
 

c) 
Figure 2 The scheme for the I-V measurement of single ZnO NR (a), the I-V characteristic of the nanoscale 

n-ZnO NR / p-GaN heterojunction (b), inset - the I-V curve of Ni / p-GaN / Ni, the plot of 퐼 푑퐼
푑푉  vs.  퐼 (c) 

Figure 2b shows an I-V characteristic of the nanoscale heterojunction between a single n-ZnO NR and p-GaN 
epitaxial substrate measured at room temperature in the vacuum chamber of SEM. A negative voltage applied 
to the nanoprobe is considered as a forward biased p-n junction and vice versa. The I-V curve has a non-linear 
moderately asymmetrical shape that is typical for the diode with a low rectification ratio (1:1 at ± 4 V and 34:1 
at ± 15 V) and a large leakage current. The turn-on voltage Von was ≈ 4 V, which corresponds to previously 
reported values [9]. The leakage current under reverse bias of -4 V was Ileak ≈ 4.7 pA and the corresponding 
current density Jleak ≈ 1.2∙10-3 A/cm2. 
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A simple Schottky model [10] predicts an ohmic contact between the tungsten tip and the ZnO NR. The linear 
I-V curve was measured between two Ni/Au contacts. Hence, the behavior of I-V characteristics is determined 
by the transport through the heterojunction and/or by the properties of the ZnO NR rather than by the metal-
semiconductor interfaces. A standard approach to characterize electric transport in semiconductor devices is 
to re-plot the measured I-V curve in the some characteristic coordinates. The thermionic emission [11], Fowler-
Northeim tunneling [12], electron-hole recombination process [13], space charge limited current (SCLC) [14], 
hopping conduction [15] were observed in single semiconductor nanowires. However, the series resistance 
should be excluded from the experimental I-V characteristic prior analyzing the electric transport mechanism 
[9]. The I-V characteristics of a semiconductor diode are generally expressed as: 

퐼~ exp ( ) − 1, 푛 =
( )

 ,                                                                                                                   (1) 

where V and I are the applied voltage and measured current, q is the electron charge, Rs is the series 
resistance, k is Boltzmann constant, n is the ideality factor, T is the temperature [16]. The series resistance 
has been extracted from the linear fit of experimental I-V curve using the following equation: 

퐼 푑퐼
푑푉 = 푅 퐼 + 푘푇 푞 for 푉 > 푘푇 푞,                                                                                                                (2) 

where q is the elementary charge. The plot of 퐼 푑퐼
푑푉 versus current is a straight line as shown in Figure 2c. 

The slope of the line gives the value of Rs ≈ 7∙107 Ohm. 

a) b) 
Figure 3 The forward log-log I-V characteristics of the p-n (a) and n-n (b) ZnO/GaN heterojunctions 

Figure 3a shows I-V characteristic of the nanoscale n-ZnO/p-GaN heterojunction in the logarithmic scale. The 
forward I-V characteristic can be divided into three regions: linear (I), exponential (II), and power-law (III). By 
applying equation (1) to the exponential part (II) of the curve, the ideality factor n is found to be 49. Larger than 
unity ideality factors are commonly observed in the devices based on ZnO NRs and are generally associated 
with defects and inhomogeneity or non-linearity of the nanoscale metal contacts [12]. 

Moreover, the contact by the nanoprobe tip has additional specific impact on the electrical transport in 
individual vertical semiconductor NRs. Overpressure by the NM introduces deformations to the NRs. Using X-
ray nano-diffraction, Bussone et al. proved appearance of shear and twist deformations (inset in Figure 1b) 
after contacting a NR using a tungsten tip [17]. The deformation was considered as a source of additional 
intrinsic interfaces within the semiconductor NR that increase total ideality factor of the device. Moreover, there 
are theoretical models that explain anomalously high ideality factors by serial connection of several segments 
of inhomogeneous nanocontacts with a different resistivity [18]. 

The tunneling-recombination process is considered as the main transport mechanism for wide bandgap 
semiconductor heterojunctions [19]. Applying tunneling-recombination formalism to analyze the forward I-V 
characteristics of our structures, we fitted a corresponding region of the I-V curve with the expression: 
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 퐼 ≈ exp(훼푉) , 훼 = (8휋
3ℎ)(푚∗ 휀) ⁄ 푁 푁 ⁄ (푁 + 푁 )                                                                                   (3) 

Where α is the injection efficiency coefficient, h is the Plank constant, 푚∗  is the effective hole mass, 휀 is the 
dielectric constant, ND is the donor concentration in n-ZnO, NA is the acceptors concentration in the p-GaN. 
The value of α = 0.77 is moderately lower than reported before [20]. Using equation (3) the concentration of 
donor impurities ND

 was found to be 3∙1016 cm-3. This value is in a good agreement with ND = 1.24∙1016 cm-3 
obtained before  for the hydrothermally grown ZnO NRs [21]. With increasing applied voltage the crossover 
between exponential and power-law regions of the I-V curve is observed at VTFL = 9.5 V. The power-law I-V 
characteristic with the power factor a >> 2 is related to charge transport limited by the trap filling process (TFL) 
[22]. The crossover voltage VTFL is defined as a voltage required to fill the traps, or in other words, as a voltage 
at which quasi-Fermi level passes through the trap level (or average energy associated with the traps density). 
By further increase of the applied voltage, the I-V characteristic should follow the regime of SCLC when the 
factor of power law is equal 2. We did not observe the TFL/SCLC crossover in our NR p-n heterojunctions. It 
could be related to insufficient efficiency of the injection and low free carrier concentration due to the non-ideal 
nanocontact, high trap concentration, or surface carrier depletion in the structures of small dimensions. 

   a)     b) 

Figure 4 Schematic diagrams of the current transport in n-ZnO/p-GaN heterojunction under (a) forward  
and (b) reverse bias 

The reverse I-V characteristics could be quantitatively explained by direct tunneling mechanism [23]. When 
the applied reverse bias overcomes the breakdown voltage Vbr ≈ 6V (Figure 2c), the overall band structure of 
the p-GaN film is elevated, leading to a near broken-gap band alignment (type III) with the narrow tunnel barrier 
at the p-n junction (Figure 4b). Then, electrons from the filled states in the valence band of p-GaN travel to 
the aligned empty conduction band states on n-ZnO through the barrier. However, our reverse I-V curve does 
not fit well the expression of the Zener tunneling law. Therefore, additional factors that affect transport in 
nanoscale heterojunctions (nanocontact inhomogeneity, tunneling through the defects, parasitic leakages etc.) 
should be carefully considered in the future. 

3.2. Current-voltage measurements of isotype n-ZnO/n-GaN heterojunctions 

Additionally, the isotype n-ZnO NR/n-GaN heterojunctions were investigated. These structures were grown 
under the same conditions as the p-n heterojunction described before. Due to the absence of potential drops 
on contacts and interfaces, the structures demonstrate electric transport limited by the semiconductor NR 
space charge region [14] rather than by metal/semiconductor or heterojunction interfaces. The forward I-V 
characteristics of the isotype n-ZnO NR/n-GaN heterojunction in log-log coordinates shows several distinct 
regions (Figure 3b). At a low bias when the injected electron concentration is small compared to the equilibrium 
electron concentration n0, the current follows the Ohm’s law: 

퐼 ≈ 푞푛 휇 ,                                                                                                                                                       (4) 

where 휇 is the electron mobility, L is the NR length. The next region (II in Figure 3b) with the power law 
coefficient a > 2 corresponds to the SCLC regime with the unfiled traps (trap-SCLC). The following high-slope 
region (III in Figure 3b) with the power law coefficient a=7 corresponds to crossover process limited by TFL. 
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Further, at the highest bias (IV in Figure 3b), the trap-free SCLC regime with a=2 is observed. The SCL current 
density in the nanowires follows the Child’s law [14]:  

퐽 = 퐼
휋푟 ≈ ( ) 휀 휀휇   for  퐿/푟 ≥ 5,                                                                                                             (5) 

where r and L are the radius and the length of the nanowire, 휀  is the permittivity of free space, 휀 is the relative 
dielectric constant of a nanowire. The reason for the high SCLC current density in a nanowire is the poor 
electrostatic screening that the injected carriers experience in a high aspect ratio conductor (which is 
surrounded by air or vacuum) [4]. Fitting the region IV of the experimental I V curve with equation (5) the 
electron mobility μ was found to be 0.15 cm2/V∙s. Using obtained value of μ for the fitting of the region I with 
the equation (4) the effective free carrier concentration n0 was found to be 5∙1013 cm 3. Otherwise, effective 
concentration of free carriers is given as: 

푛 = 푁 exp (퐸 − 퐸 )
푘푇 ,                                                                                                                             (6) 

where NC ≈ 4.8∙1018 cm-3 is the effective density of states for ZnO at room temperature [24]. Hence, the position 
of the effective Fermi level (Ef - Ec) was estimated as 0.65 eV. However, this position of effective Fermi level 
could not be explained by a single trap level. Thus, we suggest wide distribution of trap levels over the 
bandgap. The TFL / SCLC crossover voltage VTFL is given as: 

푉 = 푁 푞퐿
2휀휀 ,                                                                                                                                            (7) 

where Nt is the trap concentration, located at the estimated effective Fermi level [22]. Using VTFL ≈ 7 V the 
effective concentration of traps Nt was found to be 4.9∙1014 cm-3. 

4. CONCLUSIONS 

The nanoscale ZnO NR/GaN heterojunctions were synthesized by hydrothermal growth. The I-V 
characteristics of individual ZnO NRs were measured using nanoprobe with a tungsten tip in the chamber of a 
scanning electron microscope. Both metal-semiconductor contacts showed ohmic behavior. However, the non-
ideality/inhomogeneity of the top nanocontact should be taken into account. In general, the nonlinear I-V 
characteristic on the forward bias is explained by the tunneling-recombination process or by the space charge 
limited current depending on the type of the junction and on the applied bias. The high reverse bias current in 
the p-n heterojunction was attributed to direct tunneling transport via a narrow tunnel barrier. The electrical 
parameters of single ZnO NRs illustrate commonly observed behavior, where the low electron mobility is 
explained by a high concentration of defects related to the ZnO/GaN lattice mismatch (≈ 1.9%) and the low 
temperature ZnO NR growth. The low free carrier concentration is associated with the low doping level or 
carrier depletion due to the trapping on the surface states in low-dimensions structures. 
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Abstract  

Substrates containing zinc oxide and different amounts of gadolinium on the surface of the zinc oxide nano 
particles for biosensorics were obtained for the first time by the standard sol-gel technique. This is a new 
material has not yet been extensively studied. 

In this paper, we present the results of the photoluminescent response of the zinc oxide surface when it is 
modified by various amounts of gadolinium during the classical sol-gel method of the surface obtaining. 
Aspects of creating a modified surface of zinc oxide are highlighted. The used concentrations of gadolinium 
vary from 1 to 33% caused both quenching and ignition of photoluminescence at the wavelength of 356 nm 
upon excitation into the absorption band of protein 280 nm. The photoluminescence intensity of zinc oxide 
without doping is 40 relative value units, the addition of 8% Gd increases the photoluminescence by 7 times 
(280 r.u.), the addition of 31% Gd decreases the photoluminescence by 40 times compared to undoped zinc 
oxide. The resulting possibility of increased luminescence when the doping of the films with gadolinium willing, 
apparently, to increase the ratio “signal/background”, and therefore increase the sensitivity of the biosensor 
with fluorescent registration.  

Keywords: Optical biosensors, new materials, zinc oxide substrates, gadolinium, immobilization,  
         photoluminescence, photoluminescence quenching, photoluminescence ignition 

1. INTRODUCTION  

Recently, scientists have attracted special attention to nanoparticles, which have multifunctionality. Especially 
nanoparticles that combine several properties, for example semiconducting and luminescent [1]. Such 
materials contribute to a significant expansion of their application and zinc oxide is one of them. 

Zinc oxide is a thermally and chemically stable material, while it is biocompatible. On the basis these properties 
zinc oxide is in use at biological systems and biosensors.  

Due to its unique optical, acoustic and electrical properties, zinc oxide has found application in gas sensors, 
varistors, and devices for generating surface acoustic waves. Being transparent in a wide spectral range, ZnO 
has a high resistance to irradiation, it is chemically etched and relatively cheap, which makes it attractive for 
use in microelectronics [2,3]. Doping of ZnO films with some elements leads to an increase in the width of the 
forbidden band, an increase in the activation energy of the donor centers and their stability [4]. The authors  
[5-7] studied the effect of doping with cadmium, magnesium and sulfur on the structural characteristics of ZnO 
films by an x-ray diffraction method and observed an increase in the lattice parameter c with increasing impurity 
concentration. Doping elements of the III group - aluminum, gallium, and indium - allows to obtain n-ZnO films 
with high conductivity. Doping elements of the V group made it possible to obtain ZnO films of p-type 
conductivity. To successfully create light-emitting devices based on ZnO in the form of p-n junctions or 
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optoelectronic devices on heterostructures using ZnO, careful studies of the properties of doped ZnO films are 
necessary. 

The preparation of materials based on zinc oxide is currently carried out using various techniques having both 
advantages and disadvantages. In the present work was used the sol-gel method, one of the most effective 
methods for the formation of films whose surface is structured at the nanolevel. With its help, materials of ZnO-
Gd (III), which have not been studied before, have been obtained. The change in their spectral characteristics 
has been studied with varying concentrations of dopant-gadolinium ion - from 1 to 35 stoichiometrically 
percentage. These films are the basis of an optical biosensor device with fluorescent detection, designed to 
detect biomacromolecules in concentrations of 10-15M and lower by fluorescence spectroscopy method. 

1.1. Basic physical and chemical properties of zinc oxide 

There are three types of crystals of zinc oxide occurring in nature: hexagonal wurtzite, cubic modification (with 
NaCl type structure) and cubic sphalerite (zinc blende) [8-11]. The form of sphalerite can be stable when 
growing zinc oxide on substrates with a cubic lattice. The cubic modification is stable only at relatively high 
pressures [8-12] among them a phase transition between the hexagonal wurtzite and a NaCl-type structure 
under certain conditions (pressure and temperature) was studied in detail in [12,13]. The most common form 
is wurtzite [8,10,11]. 

Well known that wurtzite-like zinc oxide is a unique semiconductor material with a band gap of 3.37 eV and a 
significant binding energy of excitons (60 meV), in comparison with the thermal energy of electrons at room 
temperature (26 meV) [8,10, 11,14-16]. The binding energy of excitons (60 meV) contributes to the attainment 
of effective laser generation at room temperature. That is why zinc oxide can be effective as laser and light-
emitting diodes. Due to the width of the forbidden band 3.37 eV, ZnO can be used for registration of ultraviolet 
radiation (320 - 400 nm). Besides, 

wurtzite zinc oxide is used in the field of photocatalysis [17-19] , biomedical sciences [20-23], in the 
manufacture of sensory devices [24,25], as an additive to rubber [26,27], is also a catalyst in the production of 
methanol [28,29]. 

2. EXPERIMENTAL DETAILS 

Synthesis of undoped and Gd doped ZnO was carried out using analytical grade zinc acetate [(СH3COO)2Zn], 
gadolinium nitrate [Gd (NO3)3] and monoethanolamine (C2H2NO) in as-received condition. The scheme of the 
experiment is presented on Figure 1. In the synthesis process, a required amount of zinc nitrate was 
completely dissolved in deionized water and a required amount of aqueous C2H2NO solution was added drop 
by drop to the aqueous zinc nitrate. The solution was stirred and maintained at room temperature for 40 min, 
and then kept at 60 °C for 2 h. until complete dissolution of the white precipitate For maturing the solution was 
kept at ambient temperature (22 ± 2)◦C for 2-7 days. After applying, the seed layer sol thickness of 70 nm on 
a substrate of glass 
placed in a muffle furnace 
for drying at a temperature 
of 140 ◦C for 10 min, then 
annealed at a temperature 
of 385◦C for 1 hour. The 
process of application and 
drying and annealing were 
repeated until the desired 
coating thickness. For the 
synthesis of Zn1xGdxO 
(from 0,01 to 0,33) NPs, a Figure 1 The flow diagram for the preparation of the thin films modified ZnO 
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calculated amount of gadolinium nitrate was mixed with zinc nitrate solution. The required amount of aqueous 
C2H2NO solution was added drop by drop to the homogenous mixture to get a white precipitate. Further, a 
similar procedure adopted for the preparation of undoped ZnO. 

3. RESULTS AND DISCUSSION 

The obtained samples were studied by fluorescence spectroscopy and Raman spectroscopy. Figure 2 shows 
the kinetics of fluorescence of a zinc oxide film upon excitation of 280 nm. Within synthesis it intends 
temperature increased to 385 C until complete absence broadband fluorescence oxide and zinc hydroxide in 
a mixture of 350-400 nm.  

Raman spectroscopy using a 473°nm laser 
showed the presence of two nodes, E2H and 
E1L, characteristic of the wurtzite structure 
and the presence of nanoscale zinc oxide 
particles with small displacements in cases 
of doping of film materials with gadolinium 
[30,31]. 

The range of doping of zinc oxide structures 
Gd from 1 to 33% in a weight ratio was 
chosen. Fluorescence of 20 different 
concentration values was measured.  

It is known that the introduction [32] trivalent 
cations into the structure of zinc oxide leads 
to a change in the fluorescent properties of 
the material due to a change in such 
parameters as the band gap, the presence 
of exciton effects, the optical transmission, the exciton binding energy, and the luminescence. However, the 
change in fluorescent properties is usually linear in nature - ignition or quenching of fluorescence. The mean 
value of the position of the fluorescence maximum for most concentrations of the dopant was at position 356 
± 3 nm with the exception of the following concentrations of Gd in the film: 7%, 27%, 31% 

 

Figure 3 Integral fluorescence area of Gd dope zinc oxide films. Gd concentration 
1,3,8,12,19,21,29,33% (a) and 6,7,9,10,11,13,17,23,25,27,31 (b) 

Figure 2 Dependence of the fluorescence intensity of ZnO 
films on the annealing temperature after depositing the sol 

on a quartz substrate 
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In this study, we observed 2 types of changes in the fluorescent properties of the ZnO-Gd hybrid material 
(Figure 3) - ignition and quenching of fluorescence due to a change in one or more of the parameters listed 
above. 

It is possible to isolate 2 fluorescence dependencies on the concentration of gadolinium according to the 
obtained data: for the range of concentrations 1,3,8,12,19,21,29,33%, and for concentrations, 
6,7,9,10,11,13,17,23,25,27,31% which are shown in Figure 3a and Figure 3b, differing by approximately 2.5 
times. We can assume that each dependence means different mechanisms of Gd ion interaction with ZnO 
structure. If so the concentration value Gd = 5% cannot be tied to any dependence and may mean the both 
iteration mechanisms work. The additional measurements as such methods as electron microscopy or X-ray 
structural analysis are needed for the full substantive availability of these mechanisms and their understanding, 
what is planned in future researches. 

4. CONCLUSION 

Studies of films of zinc oxide doped with gadolinium on a sol-gel method have been carried out. An extensive 
range of dopant concentrations revealed a difference in the fluorescent characteristics of the composite 
material. The explanation of the specificity and concretization of the influence of certain quantities of Gd has 
great prospects in biosensor technologies. 
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Abstract  

In our study, we aimed to synthesize superparamagnetic nanoparticles (PMPs) able to isolate and immobilize 
and thus preconcentrate flavonoids for subsequent analysis. We report the optimal conditions such as different 
pH of Britton Robinson buffer, temperature and time of incubation on the isolation of different types of 
flavonoids, such as Genkwanin and Pratol from extracts of freshwater algae. For the determination and their 
characterization was used an Agilent 1200 Series Rapid Resolution LC system coupled on-line Agilent 
Technologies 6460 Triple quadruple MS detector with Agilent Jet Stream (all from Agilent Technologies, Waldbronn, 
Germany). We modified surface of nanomaghemite (γ-Fe2O3) by chitosan and amine groups. One type of PMPs 
was able to bind Genkwanin and Pratol with 34.49 % and 27.65 % recoveries, respectively. In future, the 
nanoparticles can serve for application and as a platform of biosensors. 

Keywords: Flavonoids, Maghemite nanoparticles, genkwanin, pratol  

1. INTRODUCTION  

Flavonoids are widely distributed secondary metabolites with different metabolic functions in plants. More than 
the 4000 various types of flavonoid were described [1]. Flavonoids are also responsible for the display of fall 
color in many plants, which may protect leaf cells from photooxidative damage, enhancing the efficiency of 
nutrient retrieval during senescence. Flavonoids protect plants against pathogen and herbivores [2]. The 
biological functions of flavonoids are linked to their potential cytotoxicity and their capacity to interact with 
enzymes through protein complexation. Some flavonoids provide stress protection, for example, acting as 
scavengers of free radicals such as reactive oxygen species (ROS), as well as chelating metals that generate 
ROS via the Fenton reaction. On the other hand flavonoids have antioxidant properties and may protect tissues 
against oxygen free radicals and lipid peroxidation [3]. Flavonoids play an mayor role in the cancer and 
cardiovascular diseases prevention [4]. Genkwanin is an O-methylated flavone, with molar mass 284.27 g/mol, 
firstly was isolated from seeds of Alnus glutinosa. Usually for detection of flavonoids different types of methods 
such as rapid resolution liquid chromatographic-tandem mass spectrometric determination [5], ultrahigh-
pressure liquid chromatography with UV-Vis diode array detector [6], high performance liquid chromatography 
with spectrometric/electrochemical detection [7] and spectrophotometry [8] were used. 

2. EXPERIMENTAL PART 

2.1. Chemicals 

All the chemicals were obtained from Sigma Aldrich (St. Louis, Missouri, USA).  

2.2. Chromatography  

An Agilent 1200 Series Rapid Resolution LC system consisted of an on-line degassed, a binary pump, a high 
performance SL auto-sampler, a thermostated column compartment, and UV-Vis photodiode array detector. 
The system was coupled on-line to an Agilent Technologies 6460 Triple quadruple MS detector with Agilent 
Jet Stream (all from Agilent Technologies, Waldbronn, Germany). 
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2.3. SEM and SECM characterization 

PMPs were characterised by electron microscope Tescan, a.s., Brno, Czech Republic. This model is equipped 
with a high brightness Schottky field emitter for low noise imaging at fast scanning rates. The SEM was fitted 
with Everhart-Thronley type of SE detector, high speed YAG scintillator based BSE detector, panchromatic CL 
Detector and EDX spectrometer. The MIRA 3 XMU system is based on a large specimen chamber with 
motorized stage movements 130×130 mm. Samples were coated by 10 nm of carbon to prevent sample 
charging. A carbon coater K950X (Quorum Technologies, Grinstead, United Kingdom) was used. For 
automated acquisition of selected areas, a TESCAN proprietary software tool called Image Snapper was used. 
An accelerating voltage of 15 kV and beam currents about 1 nA gives satisfactory results regarding maximum 
throughput. Scanning electrochemical microscope consisted of 10 mm measuring platinum disc probe 
electrode with potential of 0.2 V. Another platinum disc electrode with O-ring as conducting substrate used 
potential of 0.3 V. During scanning, the particles were attached on the substrate platinum electrode by 
magnetic force from neodyme magnet, situated below the electrode. Platinum measuring electrode was 
moving from 150 µm above the surface. The mixture consisted of 5 % ferrocene in methanol mixed in ratio 1:1 
with 0.05 % KCl in water (v/v). Measuring was performed in Teflon cell with volume of 1.5 mL according to the 
following parameters: amperometric mode, vertical scan was carried out in area 500 × 500 µm with rate 30 
µm.s-1. 

2.4. X-ray fluorescence analysis (XRF) 

XRF of PMPs was carried out on Xepos (SPECTRO analytical instruments GmbH, Kleve, Germany). , 
Analyses were conducted in Turbo Quant cuvette method. 

2.5. Preparation of nanoparticles 

MAN-161 

Maghemite was prepared by sodium borohydride reduction of iron nitrate. Fe(NO3)3 (6 g) was dissolved in 800 
ml of water followed by addition of NaBH4 (2 g) in 100 ml of 3.5% NH3. Maghemite was separated by a magnet 
and washed several times with water. Final volume was 100 ml. To 20 ml of this solution was added methanol 
(100 ml) and 3-[2-(2-Aminoethylamino)ethylamino]propyltrimethoxysilane (200 µl) with stirring (Biosan OS-10) 
overnight. The product was separated by a magnet, washed with water and suspended in water. 

MAN 170 

The particles were prepared in a similar way, only 10 ml of 1% chitosan was added instead of 3-[2-(2-
Aminoethylamino)ethylamino]propyltrimethoxysilane . 

3. RESULTS AND DISCUSSION 

Two kinds of PMPs were prepared. The particles were modified with biopolymer chitosan and 3-[2-(2-
Aminoethylamino)ethylamino]propyltrimethoxysilane. The aim was the introduction of amine groups on the 
surface and possible interaction of the groups with oxygen atoms of flavonoids. Large scale of flavonoids was 
used for interaction with particles but it was found that only two flavonoids were bound in high yields, namely 
Genkwanin and Pratol.  

PMPs were firstly characterized by XRF providing information about element composition of particles. The 
results of MAN-170 are not shown. In the Figure 1A can be seen that as the most abundant elements were 
iron (Fe 47.87 %) and silicium (Si 0.61 %). It confirms that the core is formed from iron oxide and surface 
contains silicone groups. In Figure 1B can be seen a micrograph expressing particles surface and morphology 
in resolution of 100 µm for MAN-161 and in Figure 1C is SEM scan of paramagnetic particle surface in 
resolution of 2 µm.  
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Figure 1 Characterization of PMPs MAN161. (A) XRF, showing elemental composition. (B) SEM scan of 
MAN161 in resolution 100 µm. (C) SEM scan in resolution of 2 µm. (D) 2 Percentage representation of PMPs 
measured by Zetasizer. (E) SECM scan showing relative current response of PMPs without Genkwanin. (F) 

SECM scan of PMPs with Genkwanin bound showing increased relative current response. 

In addition, for further particles characterization we carried out scanning electrochemical microscope analysis 
for recognition of PMPs surface relative current response changes in dependence on Genkwanin binding. 3D 
image, expressing a relative current response of PMPs surface without Genkwanin bound. Comparing with 
Figure 1E considerable changes of surface current response can be observed. Relative current response after 
establishing of Genkwanin binding is higher than before binding. This obvious difference (approximately 20 
pA) is indicating that the Genkwanin binding leads to a change of PMPs attributes. As was mentioned above, 
flavonoids are protonated under influence of acidic pH maintained by Britton-Robinson buffer used during 
workflow process. Positively charged molecule increases current response of PMPs. Hence, we received a 
confirmation that our PMPs bind properly and are usable for its isolation and preconcentration from various 
types of matrices. 

Our PMPs showed also relatively good selectivity, which is probably based on principles of workflow process 
used for deprivation of undesired impurities from beads. Britton-Robinson buffer with pH 6 causes protonation, 
which leads into a positive charging of its molecules. 

4. CONCLUSION 

Superparamagnetic particles able to bind Genkwanin and Pratol. were prepared. Especially, 
superparamagnetic particles modified by 3-[2-(2-Aminoethylamino)ethylamino]propyltrimethoxysilane is able 
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to bind the two flavonoids with good yields. The particles have potential for better isolation in the samples of 
freshwater algae and can be used as biosensors. 
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Abstract 

Novel ZnO - Gd3+ materials were prepared by sol-gel method and photoluminescence properties of their films 
were studied for biomedical application. Biosensor’s properties ZnO - Gd3+ films were investigated under the 
action of rabbit immunoglobulin G (IgG) in concentrations 10-9, 10-11 and 10-13 M in solution depositing on the 
surface of film. The doping of ZnO film by Gd3+ in an amount from 1-12 mass.% with increments of 1 mass. % 
results in significant variations of fluorescence spectra ZnO - Gd3+ films. The ZnO substrate without of Gd3+ 
compounds allows detecting IgG in a concentration of 10-11 M by fluorescence spectroscopy method by 
registration in UV region (320-450 nm). By using ZnO - Gd3+ system it was obtained the increase the 
concentration limit of immunoglobulin (10-13M) detection. In the only case (the content of Gd3+ in ZnO film - 8 
mass. %) was observed batochromic shift of fluorescence band maximum by 20 nm (from 364 to 385nm) when 
interacting with immunoglobulin regardless of the concentration of the last. 

Keywords: ZnO, gadolinium, sol-gel method, photoluminescence, fluorescence, immunoglobulin G, IgG,  
        biosensor 

1. INTRODUCTION 

Nowadays attention of scientists mostly devoted to physical and optical properties of thin films of transition 
elements. Zinc oxide is one of the commonly used compounds for the creation of thin films where surfaces are 
structured on the nanosized level [1]. The presence of the narrow intensive line of ultraviolet fluorescence (UF) 
in the nanosized films of oxide zinc [2] serves as basis for the development of sensing devices [3,4]. The 
properties of ZnO films depend on conditions of its preparation [5], presence of dopants [6-9], and size of 
particles on its surface [1]. In general, the doping by the certain ions is the effective mean of enhance of 
properties of semiconductor nanoparticles. Doped nanoparticles of the oxide zinс stimulate great interest due 
to their unique optical priorities and high quantum yield of radiation [8, 9]. 

In the present work for the first time, we obtained zinc oxide films doped with various amounts of gadolinium 
(ZnO (Gd)) by sol-gel method and analyzed the optical characteristics by fluorescence spectroscopy. The 
application of immunoglobulin G (IgG) on their surface was studied, the dependence of the intensity of UV 
films of ZnO (Gd) on the concentration of IgG was determined. 

2. EXPERIMENT 

ZnO thin films doped gadolinium (Gd) were synthesized by using sol-gel method [10]. For the preparation of 
0.5 M precursor sol zinc nitrate Zn(NO3)2·6H2O and gadolinium nitrate Gd(NO3)2·6H2O were dissolved in 
ethanol (CH3CH2OH) at room temperature for a period of one hour. Monoethanolamine (HOCH2CH2NH2) was 
added as a stabilizer at a molar ratio of 1.0. 
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For the deposition of zinc oxide films, doped gadolinium, a 20x20 mm quartz substrates were used. All quartz 
substrates were cleaned to create a hydrophilic surface. 

The prepared sol was deposed by method of spin coating with the rotation speed of 3000 rpm in the 
centrifuges. Then, films were preheated at 130°C for 15 min to eliminate the organic residuals. Finally, the 
obtained films were annealed in air at 450°C for one hour in a muffle furnace. 

Rabbit immunoglobulin (Sigma-Aldrich) was used in concentrations of 10-9М, 10-11М and 10-13М obtained from 
a base solution of 10-6 M by a sequential dilution method. 20 μl of IgG solution was applied on the surface of 
ZnO (Gd) films on a quartz substrate by spin coating method at a 2000 rpm spin speed in the centrifuges 
"Elekon" CLMN-P10-02 (Russia). Fluorescence spectra of the samples were measured with a 
spectrofluorometer RF-5300pc (Shimadzu). 

Fluorescence intensity was registered on 0.2 nm intervals, with slits of excitation and registration of 3 and 5 
nm, respectively. Origin 8.1 software was used for data processing. Spectra processed by an “adjacent 
averaging” curve smoothing method (number of pixels for averaging is 20) were used for the calculation of 
maxima of fluorescent bands. The integral fluorescence was evaluated as an area under a curve of a 
fluorescence intensity vs wavelength relationship at a 320-450 nm wavelength range. The use of integral 
intensity is convenient for unifying the results, including situations in which various devices with different optical 
characteristics were used. 

3. RESULTS AND DISCUSSION 
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Figure 1 Spectra of fluorescence thin films ZnO and ZnO doped with different concentration of 

gadolinium 

In Figure 1 spectra of fluorescence thin films of ZnO and ZnO, doped with different concentration of gadolinium 
with an excitation wavelength of 280 nm are presented (maximum of rabbit immunoglobulin absorption band). 
Comparing fluorescence’s spectra of Gd-doped samples with the spectra of undoped ZnO sample there can 
be seen the fact of the increase of intensification of UV band photoluminescence but in the case with of the 
ZnO - 7% Gd the quenching can be observed. There is inconsiderable shift fluorescence’s spectra in ZnO 
samples doped Gd3+ on average 2 nm in comparison with ZnO film. Small quantities of Gd3+ dopant at 1, 3, 
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5 % result to increase of intensification of fluorescence at 1.5-3 times, Gd3+ dopant of 7 % quench the 
fluorescence at 3 times in comparison with fluorescence of undoped ZnO sample, but in the Gd3+ samples of 
8 % and 12 % the intensity of fluorescence is increased by six times.  
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Figure 2 Dependence of fluorescence intensity with different concentration of immunoglobulin on the ZnO 

films, which contain different concentration of gadolinium 

In Figure 2 the dependence of the fluorescence intensity with different concentrations of immunoglobulin on 
the ZnO films, which contain different concentration of gadolinium, is presented. 

-13 -12 -11 -10 -9
0

5

10

15

20

7% Gd

5% Gd

3% Gd

0% Gd 1% Gd

S/
S0

lg[IgG]
               

-13 -12 -11 -10 -9
0,8

0,9

1,0

1,1

1,2

8% GdS/
S0

lg[IgG]
 

Figure 3 Dependence of the relative integrated fluorescence intensity with the immunoglobulin 
concentrations on the ZnO and ZnO films’ surface, doped with different concentration of Gd 

In samples ZnO containing 8 % Gd and 7 % Gd, the increase of UF intensity are observed in the order of 
decrease of concentration of immunoglobulin 10-9, 10-11 and 10-13 M. The interaction between ZnO - 8 % Gd 
and IgG results to the shifts of UF spectra for all 3 concentrations of immunoglobulin at 32 nm (355 nm for 8% 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

164 

Gd3+ without IgG and 387 nm after the depositing of analyzed IgG concentrations). However, in ZnO - 12 % 
Gd and ZnO - 7 % Gd samples such effect is absent. 
Figure 3 shows the change in the relative integrated fluorescence intensity (S/S0) in accordance with the 
concentration of immunoglobulin on the ZnO and ZnO film’s surface, doped with different concentration of Gd 
with the excitation of 280 nm. 

The dependences for films of zinc oxide alone and doped Gd -12 %, 8 %, 5 %, 3 % are monotonous itself the, 
but not linear - at the point 10-11 М there is a bend. In samples containing the 7 % and 8 % Gd there is linear 
dependence. It should be noted that for samples of 7 % and 8 % Gd the fluorescence intensity increases with 
the decrease of IgG concentration from 10-9 М to 10-13 М in 1.5 and 12 times correspondingly. The near-linear 
dependences of fluorescence intensity by the protein concentration and the enhance of fluorescence with 
decreasing IgG concentration in the analytical samples for 7 % and 8 % Gd films facilitate quantitative analysis 
for small concentrations. The shift of the fluorescence maximum on 32 nm at interacting with different quantities 
of immunoglobulin, what is also observed in system ZnO - 8 % Gd, is perspective for the quantitative and 
qualitative determination of small quantities of immunoglobulin in the sample, what is very important for the 
development of biosensors. 

4. CONCLUSION  

The significant changes of UF intensity and shifts of its maximums in nanosized ZnO(Gd) films in case of 
changes of IgG concentration up to 10-13 М permits to speak about a potential opportunity of the quantitative 
determination of immunoglobulins in case of their interaction with the films’ surface. 
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Abstract  

Here we report the optimal conditions for the isolation of reduced glutathione (GSH) and oxidized glutathione 
(GSSG) from various types of matrix, such as blood, plasma or cells and their characterization using ion-
exchange liquid chromatography with VIS detector. In our study, we aimed to synthesize paramagnetic 
microparticles able to isolate and immobilize GSH, GSSG from blood or plasma and thus preconcentrate it for 
subsequent analysis on ion-exchange liquid chromatography with VIS detector. We modified amberlite and 
Dowex by nanomaghemite (γ-Fe2O3), as the functional carriers providing perfect paramagnetic properties. 
Both the paramagnetic microparticles were able to bind GSH and GSSG. Our paramagnetic microparticles 
have potential to improve GSH and GSSG isolation and in future can serve for application as a platform of 
biosensors or delivery system. 

Keywords: Ion exchange chromatography, maghemite microparticles, glutathione, reactive oxygen species  

1. INTRODUCTION  

Oxidative stress causes profound alterations of various biological structures, including cellular membranes, 
lipids, proteins and nucleic acids, and it is involved in various malignancies [1]. Reduced glutathione (GSH) is 
a water-soluble tripeptide composed of glutamine, cysteine and glycine. GSH is considered to be one of the 
most important scavengers of reactive oxygen species (ROS), and its ratio with oxidized glutathione (GSSG) 
may be used as a possible marker of oxidative stress [2]. GSH is very important antioxidant in cells [2,3], 
animals [4,5], plants, bacteria [6] and human [7]. In the process, glutathione is converted to its oxidized form, 
glutathione disulfide, also called L-glutathione. Glutathione is capable of preventing damage to important 
cellular components caused by reactive oxygen species such as free radicals, peroxides, lipid peroxides and 
heavy metals [8]. It is a tripeptide with a gamma peptide linkage between the carboxyl group of the glutamate 
side chain and the amine group of cysteine and the carboxyl group of cysteine is attached by normal peptide 
linkage to a glycine. Nowadays, numerous methods are developed for GSH and GSSG determination. Most 
of them are based on chromatography (gas chromatography, liquid chromatography, and/or high performance 
liquid chromatography [9] with tandem of mass spectrometry [10], capillary electrophoresis or ion exchange 
chromatography (IEC) [6]. In our study, we decided to use IEC with post-column ninhydrin derivatization and 
visible light photometric detector for GSH and GSSG determination [11]. 

2. METHODOLOGICAL BASES AND EXPERIMENTAL PART 

2.1. Chemicals 

GSH, GSSG, citric acid, NaCl, N3Na, TDG, HCl (35%) and ninhydrin of purity 99% were obtained from Sigma 
Aldrich (St. Louis, Missouri, USA). Solutions of GSH and GSSG for preparing of calibration curve were 
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prepared in the dilution buffer Na: TDG (N3Na-0.10 g, NaCl - 11.5 g, C6H8O7 - 14 g per 1L H2O). 
Methylocellosolve and SnCl2 were supplied from Ingos, (Prague, Czech Republic). 

2.2. Ion exchange chromatography  

An AAA 400 (Ingos, Czech Republic) liquid chromatography apparatus was used for determination of amino 
acids. The system consists of a glassy filling chromatographic column and steel precolumn, two 
chromatographic pumps for transport of elution buffers and derivatization reagent, cooled carousel for 25 test 
tubes of 1.5-2.0 mL volume, dosing valve, heat reactor, visible light photometric detector and cooled chamber 
for derivatization reagent. Chromatographic columns for transfer of elution buffers and derivatization reagent 
are able to work at flow 0.01-10 mL·min−1 under a maximum pressure of 40 MPa. Volume of injected sample 
was 100 µL with an accuracy of application relative standard deviation of about 1%. A two-channel visible light 
photometric detector with a 5 µL flow volume cuvette was operated at wavelengths of 440 and 570 nm. 

2.3. Scanning electron microscopic (SEM) characterization of DOWEX and amberlite modified 
microparticles  

Structure and elemental composition of paramagnetic microparticles were characterized by electron 
microscope Tescan, a.s., Brno, Czech Republic. This model is equipped with a high brightness Schottky field 
emitter for low noise imaging at fast scanning rates. The SEM was fitted with Everhart-Thronley type of SE 
detector, high speed YAG scintillator based BSE detector, panchromatic CL Detector and EDX spectrometer. 
The MIRA 3 XMU system is based on a large specimen chamber with motorized stage movements 130×130 
mm. Samples were coated by 10 nm of carbon to prevent sample charging. A carbon coater K950X (Quorum 
Technologies, Grinstead, United Kingdom) was used. For automated acquisition of selected areas, a TESCAN 
proprietary software tool called Image Snapper was used. An accelerating voltage of 15 kV and beam currents 
about 1 nA gives satisfactory results regarding maximum throughput. 

2.4. Scanning electrochemical microscopic (SECM) characterization of DOWEX and amberlite 
modified microparticles  

The scanning electrochemical microscope SECM 920C from CH Instruments, Austin, Texas, USA was used 
for measurements. Gold substrate electrode with a diameter of 3 mm has been cleaned by sonication in 
ethanol, and then was treated for two minutes with a piranha solution, which was made from 30% hydrogen 
peroxide and concentrated sulfuric acid in a ratio of 1:3. Then cyclic voltammetry was started in 0.5 M sulfuric 
acid from -0.2 to +1.5 V. Finally, the electrode was washed with water and dried with nitrogen.  

2.5. X-ray fluorescence (XRF) analysis of PMPs 

XRF analysis of PMPs was carried out on Xepos (SPECTRO analytical instruments GmbH, Kleve, Germany) 
fitted with three detectors: Barkla scatter - aluminum oxide, Barkla scatter - HOPG and Compton/secondary 
molybdenum respectively. Analyses were conducted in Turbo Quant cuvette method of measuring. Analysis 
parameters were set to - measurement duration: 300 seconds, tube voltage from 24.81 to 47.72 kV, tube 
current from 0.55 to 1.0 mA, with zero peak at 5000 cps and vacuum switched off. 

2.6. Preparation of PMPs 

MAN 3 

Maghemite was prepared by sodium borohydride reduction of iron chloride. 10 g of FeCl3·6H2O was dissolved 
in 800 ml of water followed by addition of 2 g NaBH4 in 100 ml of 3.5% NH3. Product was separated by a 
magnet and washed 5 times with water. Final volume was 100 ml. To 20 ml of this solution was added amberlite 
with stirring at Biosan OS-10 overnight. Then the product was separated by a magnet, washed with water and 
dried at 40 °C. 
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MAN 16 

It was prepared in a similar way, only 1 g of Dowex was added instead of amberlite. 

3. RESULTS AND DISCUSSION 

Our major idea was an isolation and 2D separation of the low mass molecules, able to serve as the potential 
ROS biomarkers, based on the adsorption on the PMPs with various modifications and subsequent 
determination using IEC. We modified amberlite with nanomaghemite and these PMPs showed the best 
properties for binding of GSH (recovery 36.83%) (Figure 1D). Our PMPs showed also relatively good 
selectivity, which is probably based on principles of workflow process used for deprivation of undesired 
impurities from beads. Britton-Robinson buffer with pH 2 causes GSH and GSSG protonation which leads into 
a positive charging of molecules due to its pI = 5.0. Interaction between positively charged molecule and 
surface of PMP provides the forming of bond between them. These interactions depend on isoelectric points 
of amino acids, which are in this manner behaving as the ion-exchangers. Other amino acids showed also 
relative good recoveries (serine recovery 1.1%, leucine 1.2%, sarcosine 1.3%, GSSG 3.1%, glutamic acid 
6.7%, glycine 10.08%, valine 10.35%, arginine 10.48% and GSH 36.83%, respectively); nevertheless, their 
amounts in urine are not so high to interfere during GSH binding to PMPs Figure 1D. Moreover, our second 
separation step - IEC - eliminates the influence of interferents to minimum. 

 

Figure 1 Characterization of PMPs MAN3. (A) XRF showing elemental composition of paramagnetic 
microparticles. (B) SEM image in resolution of 10 µm. (C) SEM scan in resolution of 1 µm. (D) IEC results 
showing ability of MAN3 bound required substances specifically. (E) SECM scan showing relative current 

response of MAN3 without GSH bound. (F) SECM scan of MAN3 with GSH bound showing increased 
relative current response. 

After confirmation of ability to bind GSH, we carried out a characterization of PMPs. First characterization step 
was XRF analysis providing information about element composition of microparticles. In the Figure 1A can be 
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seen that iron was determined to be the most abundant element (Fe represented in 36.52%). This information 
was not surprising, because we carried out SECM analysis for recognition of PMPs surface relative current 
response changes in dependence on GSH binding. In Figure 1B can be seen a micrograph expressing 
microparticles surface and morphology in resolution of 10 µm for MAN16 and in Figure 1C is SEM micrograph 
of PMP surface in resolution of 1 µm. In Figure 1E, F can be seen 3D images, expressing a relative current 
response of PMP surface without GSH and with GSH bound. Comparing the figures, considerable changes of 
surface current response can be observed. Relative current response after establishing of GSH binding is 
higher than before binding. This obvious difference (approximately 20 pA) is indicating that the GSH binding 
leads to a change of PMPs attributes. As mentioned above, GSH gets protonated under influence of acidic pH 
maintained by Britton-Robinson buffer used during workflow process. Positively charged molecule increases 
current response of PMP. Hence, we received a confirmation that PMPs bind GSH and GSSG properly and 
therefore are usable for their isolation and preconcentration from various types of matrices.  

 

Figure 2 Characterization of PMPs MAN16. (A) XRF showing elemental composition of MAN16. (B) SEM 
scan of MAN16 in resolution of 20 µm. (C) SEM micrograph of MAN16 in resolution of 500 nm. (D) IEC 

results showing ability of MAN16 bound required substances specifically. (E) SECM scan showing relative 
current response without GSSG bound. (F) SECM scan with GSSG. 

In the second step of our experiment, we modified Dowex with nanomaghemite, most important parts of PMPs 
are Dowex, Fe2O3 microparticles and SO3- functional groups and these PMPs showed the best properties for 
binding of GSSG (recovery 29.66%) (see Figure 2D) In the Figure 2A can be seen that the most abundant 
elements were iron (25.89%) and S (0.96%). Basic characterization of synthesized PMPs can been seen in 
Figure 2B, showing microparticles surface and morphology imaged by SEM in resolution of 20 µm. Figure 2C 
is a SEM micrograph of PMP surface in resolution of 500 nm. In Figure 2D, IEC analysis of amino acids with 
relatively good recoveries (serine recovery 1.1%, leucine 1.2%, sarcosine 1.3%, GSSG 3.1%, glutamic acid 
6.7%,glycine 10.08%,valine 14.05%,GSH 14.05%, arginine 14.83% and GSSG 29.66%) are shown. In 
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Figure 2E, a 3D image expressing a relative current response of PMPs surface without GSSG interaction can 
be seen. Comparing with Figure 2F, considerable changes of surface current response can be observed. 
Relative current response after establishing of GSSG binding is higher than before binding. This obvious 
difference (approximately 20 pA) is indicating that the GSSG binding leads to a change of PMPs attributes. 

4. CONCLUSION 

In this study, we synthesized new paramagnetic microparticles able to bind GSH and GSSG - as possible 
markers of oxidative stress and ROS such as free radicals, peroxides, lipid peroxides and heavy metals. The 
paramagnetic microparticles (MAN 3, MAN 16) have potential to better isolation in the samples of blood or 
plasma and in future can serve for application in biosensors.  
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Abstract 

Self-combustion synthesis (SCS), a method of production of fine ceramic particles by burning suitable metallic 
precursors with organic fuel in a presence of an oxidizing agent, is an easy to use, high yield method, that, 
when mastered, can lead to production of significant amounts of nanoparticles with tuned properties and 
morphology. The method was used to prepare fine particles of iron oxide, cerium oxide, praseodymium oxide 
and various other lanthanide oxides with different organic fuels, including glycine, citric acid, ethylene glycol, 
urea and starch. As metallic precursors, nitrates and organic complex compounds were used. In summary, all 
particles produced by self-combustion synthesis form, apart from separated nanoparticles, slightly larger 
agglomerates with dimensions of up several micrometers. The nano-sized grains, however still remain 
apparent. Further experiments were also made with electrospinning the precursors into nanofibers with carrier 
polymer prior to calcination, so those would preserve the morphology during the process. Electron microscope 
pictures show, that by using nitrates as precursors, the resulting oxidic fibers retain a smooth surface, while 
the use of organic complex compounds yields highly porous structures, some of which retain the general 
fibrous structure, depending on the carrier polymer and rate of heating. A formation of porous structures was 
generally observed for most of the organic complexes and fuels. 

Keywords: Lanthanides, oxides, citrate, self-combustion, rare earth 

1. INTRODUCTION 

Oxidic particles with grain dimensions under 100 nm exhibit significantly different properties, compared to their 
macro-scale counterparts, mainly thanks to their enormous surface area. Furthermore, nanoparticles of heavy 
metals are nowadays one of the dominant areas of research. Lanthanide oxides nanoparticles exhibit excellent 
properties as catalysts, radiation absorbers or as components of fuel cells. 

This work deals with the problematic of preparation of heavy metal oxides nanoparticles with focus on 
lanthanide-series elements. The focus is to use environmentally safe, inexpensive and commonly available 
precursors, while achieving high yields of oxidic nanoparticles with dimensions under 100 nm with as narrow 
as possible size distribution, to be used for production of hybrid polymer nanocomposite materials for radiation 
shielding. While this is a very popular topic, the sources only rarely deal with productivity of the process and 
leave a lot of unanswered questions (i.e. the temperature optimization). The materials produced were 
examined chiefly by scanning electron microscopy (SEM). 

2. EXPERIMENTAL 

The stock oxidic materials were first converted into nitrates, water soluble and easier to process compounds. 
Using several different methods, oxidic nanoparticles were obtained via several different routes, while being 
focused on self-combustion synthesis (SCS). 
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2.1. Materials 

As a precursor for cerium oxide particles, cerium nitrate hexahydrate (>99 %) was purchased from Sigma-
Aldrich. Ferric oxide nonahydrate was purchased from Penta, ltd. Oxides of lanthanides were obtained from 
company Crytur, ltd. As the company deals with growth of highest quality monocrystals, the materials were 
used without further purification. Glycine (>99 %, Reanal), citric acid (99.8 %, Chemapol) were used. Any other 
chemicals were used as they were from the standard lab supplies. 

2.2. Instrumentation 

For experiments, magnetic stirrer MR Hei (Heidolph), hot air drier UM 500 (Memmert) and programmable 
furnace L3S27 (Nabertherm) were used. The characterization was carried out using Vega 3 scanning electron 
microscope (Tescan) and FE-SEM Ultra Plus (Zeiss) in the Laboratory of analytical methods of Technical 
university of Liberec. 

2.3. Precursors preparation 

The compositions of the prepared reaction mixtures are based on a number of references, including [1-5], but 
have been further optimized according to our previous observations of the experiments [6] and theory of 
complexation chemistry [7]. 

Nitrates of lanthanum, praseodymium, neodymium, erbium and gadolinium were prepared from the according 
oxides. Oxides were dissolved in slightly higher than equimolar amount of concentrated nitric acid at 
temperatures between 50 and 60 °C. When fully dissolved, the solutions were left to dry at temperature of 
60 °C. When dried, the samples were stored in dry environment and sealed against atmospheric humidity until 
further processed. 

As fuels for the synthesis, citric acid, glycine and urea were used. For experiments with citric acid, 1 gram of 
the nitrate (in hydrated form) of each element was dissolved in 20 ml of distilled water. 1.5 grams of citric acid 
were then slowly added to the solutions during continuous stirring. Solutions were then mixed thoroughly and 
left to dry in atmospheric conditions at 80°C overnight. 
Similar procedure was carried out with glycine. 1 gram of each nitrate was dissolved in 20 ml of distilled water, 
along with 1 gram of glycine. After thorough mixing, the solutions were left to dry overnight in atmospheric 
conditions at 80°C. 
1 gram of each of the nitrates was dissolved in 20 ml of distilled water. 0.7 grams of urea were then added to 
the solutions. After mixing, the solutions were left to dry overnight at 80°C. 

2.4. Self-combustion synthesis 

The time-temperature profiles used for the SCS method have been optimized according to previous 
observations and experiments [6] and thermogravimetric analysis of the precursors. 
The dried samples with citric acid complexes were heated in a glass beaker to the temperature of 430°C. The 
time-temperature profile used is shown in Figure 1. At temperatures over 260°C, combustion was observed. 
During this stage, fine nanoparticles are supposed to form [1]. After reaching 430°C, the samples were 
transferred into ceramic crucibles and calcined at 650°C for 2 hours. 
After drying, the samples with glycine formed a glass-like surface at the bottom of the beaker. Beakers with 
samples were then heated same way as with citric acid. The combustion was observed at similar temperatures 
as well. The samples were then transferred into ceramic crucibles and calcined at 650°C for 2 hours. 
The appearance of samples with urea was very similar to those with glycine. The layer was however a bit more 
brittle and it was possible to easily break it down into smaller pieces. The process of self-combustion was 
almost the same as for other samples. After being transferred into ceramic crucibles, the temperature was 
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gradually increasing and after 2 hours it reached 650°C. The temperature was then kept constant for an hour 
before cooling down. 

 
Figure 1 Diagram of temperatures used for self-combustion synthesis up to 430°C 

3. RESULTS 

In case of lanthanides, using citric acid as fuel yields high amounts of fine particles. There is however a large 
number of agglomerates, which can be further broken down by mechanical grinding. In case of iron oxide, the 
resulting particles were quite homogenous and, although agglomerated as well, the individual particles are still 
easily distinguishable and assume a “worm-like” structure (Figure 2). 

 
Figure 2 Iron oxide nanoparticles, obtained by SCS method using citric acid and iron nitrate. Scale is 1 um. 
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When using urea as fuel, lanthanides oxides generally formed agglomerates composed of distinguishable 
particles with dimensions around 100 nm. These were covered with smaller particles with dimensions around 
12 nm. Iron oxides prepared with this fuel were in rage of 56 to 170 nm and formed much smaller amounts of 
agglomerates than in case of lanthanides. The surface of the particles also had a substantial amount of 
nanoparticles with dimensions under 15 nm. 

Using glycine as a fuel yielded porous particles of all used materials. All samples had a thick top layer of 
sintered material, below which a porous structure unfolded. For lanthanides, walls of the pores were about 20 
nm thick, while for iron oxide, this thickness was several hundred nanometers. In lanthanides samples, a 
number of nanoparticles was observed on the grains of the porous structures. In iron oxide, hexagonal 
structure of the crystals was distinguishable.  

4. CONCLUSION 

For self-combustion synthesis, sintered surface layer composed of breakable agglomerates is typical. Under 
this layer, fine and usually quite homogenous particles can be found. While the lanthanides generally exhibited 
the same appearance in all cases, the iron oxide samples were either metallic black (urea) or rusty brown 
(citric acid, glycine). It is very difficult to control the structure and morphology of final product without further 
investigation into the effect of different fuel to precursor ratios and time-temperature profiles during the 
calcination process. 

 
Figure 3 Expected structure of chelate of iron(II) ions with glycine 

After evaporating most of the water from the reaction mixtures, rather stable complexes are formed. Those 
protect the metal ions from hydrolysis and separate them, so agglomerates too early in the process. Existence 
of these agglomerates has before been proven and even their stability constants were measured [7]. The 
reaction mixture therefore has to have the optimal composition to form the protective chelate complexes that 
can withstand increased temperatures. We expect, that in the beginning of the heating process, fuel molecules 
are slowly released and the complexes bridge to one another, while slowly nearing the combustion 
temperature. After the combustion of the reaction mix, the complexes are broken down quickly and oxidic 
particles are formed. Expected form of the chelates is similar to the usual glycine complexation, as shown in 
Figure 3. 

Despite its shortcomings, SCS method generally provides high yields with over 90% conversion rate and 
efficiency (losses mainly due to manipulation). In our experiments, we have also tested microemulsion method 
of preparing the oxidic nanoparticles, which yielded a narrow, uniform particle size distribution, however with 
very low yields. For our purposes, the method described is much more suitable, as monodispersity is not strictly 
required. A high purity of the products is easily achievable, as the organic impurities are removed during the 
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calcination process. This also enables the use of budget-friendly, lower purity reagents as fuels, keeping down 
the cost of final products.  
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Abstract 

The effect of negative differential resistance can be detected experimentally e.g. in some material systems 
based on polymers. These observations are sometimes explained being due to the presence of certain carrier 
traps which can capture the carriers of the electric current. In the present theoretical work we are going to 
show that besides of this carrier trapping, the origin of the negative differential resistance there can also be 
caused by an intrinsic mechanism. Namely, instead of the traps, the electron-phonon interaction can be 
expected to lead to a cooperation of atomic lattice vibrations with the charge carriers, when they tunnel 
between the localized states, which can in such a way provide the effect the negative differential resistance. 
A key feature in the present approach is that the electron-phonon interaction is included in a non-perturbative 
way. The theory will be briefly summarized and numerical calculations will be presented. 

Keywords: Electron transfer, conductive polymer, nanostructures, quantum dots, negative differential  
        resistance 

1. INTRODUCTION 

The effort of the current basic and applied research towards the miniaturization of the electronic circuits, 
electronic elements and devices, which lasts already for several decades, has achieved the device 
characteristic dimensions of nanometers and the current technology is at present able to prepare samples 
suitable for experimental determination of their physical properties. The characteristic device size of the order 
of nanometers, or tens of nanometers, means that the lengths of the mean free path of the charge carriers can 
be longer than the device lateral size. 

Among the interesting microelectronic elements there are such that display the negative differential resistance 
in the current-voltage dependence [1]. Although the effort to comprehend the question of the negative 
differential resistance (NDR) in nanostructures has been given already a considerable attention, we cannot 
say at present that the origin of NDR in various nanostructures has been fully understood [2,3]. 

It is interesting to consider the possible effect of the negative differential resistance in a certain class of bulk 
materials in which the charge carriers can occupy certain localized states, among which the charges can be 
irreversibly transferred by the action of the applied electric field. One such possibility can be realized upon 
using semiconductor quantum dots dispersed within a matrix material [4]. The charge carriers are then 
supposed to be transferred between the neighboring quantum dots and this kind of the electronic transfer could 
display the negative differential resistance effect. There is also another possibility of how to realize NDR, 
namely to use certain organic polymers to which suitable molecular groups are connected, in which molecular 
groups the charge carriers are supposed to be localized and among which the charge carriers can be 
transferred by the influence of the applied electric field [1]. Even in this case the charge carriers may display 
the NDR effect. In the two latter cases [1,4] treated experimentally, the quasi-zero-dimensional nanostructures, 
at which the charge carriers may be localized, are interacting with the reservoir of the atomic lattice vibrations, 
be it either the matrix material in which the quantum dots are deposited, or the basic molecular chain of the 
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polymer. Let us remark that this contact with the reservoir is taken into account when developing the theoretical 
formula making us able to calculate the current-voltage dependence for the model we consider. 

The main purpose of the present work is to demonstrate, that the effect of the negative differential resistance 
can be expected to occur in the quantum dot aggregates, or in certain polymer materials, already when we 
take into consideration only the interaction of the charge carriers with the atomic lattice vibrations. Although 
we are interested mainly in the NDR effect in polymers, it is for us easier to represent the localized electronic 
states in a conductive polymer by those in quantum dots. In addition to it, in the numerical evaluation we 
choose the material parameters of ZnO. The negative differential resistance was indicated recently in 
experiments performed on samples containing ZnO nanoparticles [5,6], which represents another interesting 
system in the present context. 

In the next chapter we shall specify the model with help of which we are going to specify some of the main 
properties of the quantum dot ensembles [7] or of some conductive polymers [8]. Then we shall specify the 
Hamiltonian with which we describe the physical model and describe the approximations leading to a formula 
allowing to calculate the electronic transfer between the quasi-zero-dimensional (Q0D) nanostructures. The 
numerical calculations of the rate of the transfer of the charge carrier from one Q0D nanostructure to another 
will be performed for the special case in which we assume that each Q0D nanostructure is approximated by a 
cubic quantum dot with the material properties of ZnO. 

2. THE MODEL 

As we have said in the Introduction we wish to study theoretically a material in which the charge carriers are 
localized in certain quasi-zero-dimensional sites. These sites can be represented for example by certain 
molecules adjoined to an otherwise nonconductive polymer molecule, or by quantum dots which may be 
assumed as distributed with some density inside a matrix material. Between the sites the charge carriers are 
supposed to be transferred by the applied electric field. Although the charge carriers can move in the space of 
the wave functions of all the Q0D sites of the sample under study, we can make a simplifying assumption by 
saying that with a good approximation the charge carrier’s motion is sufficiently well specified when we 
consider only two neighborin Q0D sites, namely those between which the charge carrier is transferred by the 
electric field. Under this approximation our system is reduced to just two such Q0D sites. We assume that 
even the effect of the negative differential resistance can be manifested well enough already when using this 
simple double site model. Each one of these two sites is assumed to be connected to the reservoir so that we 
can then eventually speak about the temperature of the thermodynamic equilibrium system of their atomic 
lattice vibrations.  

We are dealing with the electronic conduction of our system. In some cases, as are those of some conducting 
organic polymers, the effect of the electric conductivity is provided by the transport of holes. In order that we 
simplify the exposition of the present topic we shall simply speak only about electrons, having in mind that 
similar processes may occur also in the hole transport.  

In order to be specific in the determination of the properties of the individual sites, we decide that the electronic 
states of the Q0D sites are represented by electronic eigenstates of a model quantum dot. The model quantum 
dot is assumed to have an infinitely deep rectangular electrostatic potential of a cubic shape quantum dot, with 
a certain electronic effective mass effm . We shall confine ourselves to only a single state given by the lowest 

energy state of the electronic states of the model quantum dot. Interacting with the applied electric field the 
electron is supposed to make a transition between the two quantum dots by the effect of the quantum 
mechanical tunneling. The electron is supposed to be coupled to the vibrations of the atomic lattices of the 
individual quantum dots. Out of all these vibrational modes we select dispersionless optical vibrations of the 
atomic lattice, which are assumed to be identical with the bulk modes of the optical vibrations of the material, 
which is, as we have said, the ZnO crystalline material. In order to keep our approach simple we confine the 
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electron-phonon interaction to its so called transverse part. The reader is referred to our earlier paper [9], 
where more details about the present formal approach are given. For example, we can select those optical 
vibration modes which correspond to the volume of the quantum dot by introducing the suitable form-factor [9] 
into the Hamiltonian of the whole system we consider.  

3. FORMULA FOR CURRENT-VOLTAGE DEPENDENCE 

The electronic distribution in our double-dot model is assumed to be homogeneous. This means that both 
quantum dots have the same electronic occupation densities 0N  and 1N , where 0,1i   are indexes 

numbering the two sites. In the present paper we show the results computed for 0 1 0.05N N  . We assume 

that the charge carrier first occupies the site with index 0i  , with the occupation probability as specified 
above, and we wish to calculate the rate with which the electron is being transferred to the neighboring site 

1i  . Because at this process the system is at a state of non-equilibrium, we develop the transfer rate formula 
with help of the non-equilibrium Green’s functions [10].  

In the course of the derivation of the rate formula we first perform the so called Lang-Firsov (see [9] for 
references) transformation. In this way we include the electron-phonon interaction in an exact way. In the next 
steps, we neglect completely the quantities in the transformed Hamiltonian which have the meaning of the 
energy of the polaron well in the individual quantum dots. Also, the electronic quantum mechanical tunneling 
operator, which is considered as weak, and which gets a more complicated form after the Lang-Firsov, is 
simplified in the present theoretical approach. Namely, we confine the new tunneling operator to only such 
terms which are of the first order in powers of phonon operators. Also, we neglect that part of this transformed 
tunneling operator, which does not depend on the phonon particle operators at all. This latter approximation 
amounts to neglecting the electronic energy level splitting during the electronic transfer and due to this 
approximation the transfer rate formula may regarded to correspond to an incoherent electronic transfer. This 
latter approximation has in fact been undertaken by the classical researchers deriving the Marcus transfer rate 
theory or Förster’s theory for exciton transfer (see [9] for references). 

The resulting formula (see [10] for general approach) for the electronic transfer rate has the form of a 
convolution of the energy dependent spectral densities of the electron at the both sites 0,1i  . The two 
convoluted spectral densities come out shifted with respect to each other by the optical phonon energy. These 
spectral densities are determined from the Green’s functions, which are given by the self energies determined 
self-consistently for the system of the electron moving in the space of two localized states interacting with 
phonons. The electron-phonon interaction is included in the self-consistent Born approximation (a 
nonperturbative approximation). 

The self-consistent Born approximation for the inclusion of the electron-phonon interaction does for us a similar 
help as was done earlier by the macroscopic fluctuating parameter introduced in the electron transfer theory 
by Marcus [11]. We can understand this parameter’s role in the following way: The electron, having a 
sufficiently long mean free path, reflects at the boundaries of the Q0D nanostructures and therefore finds 
conditions for coherent processes of multiple scattering with the phonon modes. During these coherent multiple 
collisions virtual optical multiphonon states can be assumed to be produced. These coherent phonon 
excitations can be then viewed as some macroscopic oscillations of the atomic lattice. As such the atomic 
lattice represents an outer force field, which depends explicitly on time. The effective Hamiltonian for the 
electron then depends on time and similarly as in classical systems we can regard the single electron energy 
concept in the system as somewhat restricted. In this way we can understand why the transfer rate formula 
does not depend on the energy conserving delta-function. Let us say at this point that we can rather appreciate 
Marcus’s intuitive introducing of his macroscopic fluctuating parameter into the electron transfer theory [11]. 
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The transfer rate formula for our present approach is specified in a larger detail in our earlier paper [9] to which 
the reader is referred.  

4. NUMERICAL RESULTS 

The numerical calculations are performed for two coupled cubic shape quantum dots. These quantum dots 
have the lateral size of 12 nm each. The material of the quantum dots is the crystalline compound ZnO, in 
which the optical phonons have the excitation energy of 72 meV. As said above, the occupation of the dots is 
0.05 of electron in each quantum dot. The parameter 
characterizing the electron tunneling is dependent on 
the distance of the separation of the quantum dots in 
space. We assume a situation, or such a density of 
the distribution of the Q0D electron sites in the volume 
of the sample, which corresponds to the magnitude of 
the tunneling parameter of 10 meV. Other parameters 
especially those enabling us to specify the magnitude 
of the electron-optical phonon coupling (Fröhlich’s 
coupling) are those of ZnO. The electron occupation 
transfer rate is calculated as a function of the electric 
field assumed to be applied to the pair of the coupled 
dots. The electric field is simulated by assuming 
electronic orbital energy shift of the site number 1 with 
respect to the orbital energy of the state 0i  . This 
energy difference is at the x-axis in Figure 1.  

We see that the current-voltage dependence in this 
Figure has partly a nearly power law dependence of 
the straight line parts of the electric current dependence on the electron potential difference. This shape of the 
transfer rate is quite similar to the dependencies found in experiment on polymers [1]. The calculated rate is 
shown for two temperatures, 300 K and 70 K. Both the dependences have similar overall shape. The 
quantitative difference between these two curves is not significant. Both curves have a maximum at the electric 
field potential approximately equal to the optical phonon energy. The electric field potential difference larger 
than the optical phonon energy corresponds to the electric field at which the system shows the negative 
differential resistance.  

The present simple model does not show the electronic rate increasing at the side of the large electric field 
values. We regard this absence of the increasing rate to our simple model. We might expect that assuming 
the presence of an optical phonon branch with larger energy could provide such a feature in the calculated 
dependence of Figure 1.  

The property of the negative differential resistance thus may show us the significance of the nonadiabaticity of 
the electron-phonon interaction. The nonadiabatic effect of the electron-phonon calculation is introduced into 
the present calculation upon by determining the electron self-energy in an approximation which goes beyond 
the limits of any finite order perturbation calculation. From this point of view it may be useful to compare our 
nonperturbative approach with the recent theoretical analysis [12] of similar questions in conductive polymers. 

5. CONCLUSIONS 

We have presented the model system which shows that the tunneling of electron between two quasi-zero  
dimensional nanosystems, in cooperation with electron-phonon interaction, included into the calculation in a 
nonperturbative way, can display the negative differential resistance works in the nanostructure systems, in 

Figure 1 Rate of electron transfer between two 
ZnO quantum dots, at the atomic lattice 

temperature TLO equal to 300 K (full) or 70 K 
(dash)  
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particular in conductive polymers. We can understand this finding as a possible interpretation of the negative 
differential resistance in conductive polymers. We suggest to regard this theoretically shown mechanism to be 
a manifestation of the electron-phonon nonadiabaticity in quasi-zero-dimensional structures. We admit that the 
mechanism, which we have suggested, can probably coexist with other possible mechanisms. We also 
conclude that the present model deserves further generalizations for the purpose of getting the theory which 
allows for a closer comparison with the real systems in experiment. The comparison of the calculated results 
with experiment appears interesting. Nevertheless, as for the future work, it would be enjoying to obtain from 
quantum chemical calculations some realistic single electron wave functions, electron energies of localized 
states and realistic values of the electron-phonon coupling constants for a real conductive polymer material, 
and perform then with such input data the negative differential resistance calculations. 
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WITH TUNABLE SURFACE PROPERTIES FOR ADVANCED DRUG DELIVERY 

FILATOVA K. O., MOGHADDAM M. A., SEDLARIK V. 

Centre of Polymer Systems, University Institute, Tomas Bata University in Zlin, Czech Republic, EU 

Abstract 

The Si-based submicro- and nanoparticles were prepared using a template sol-gel approach in the presence 
of cationic surfactants with different length of alkyl chains and alkaline catalysts that allowed a modulation of 
pore size and surface area of particles in the synthesis mixture to obtain materials with a wide range of size 
(25-1000 nm) and variable textural characteristics. Mesoporous materials were prepared with the aim to 
optimize and adapt different synthetic routs for further use of SP as reservoirs for carrying and advanced 
delivery of therapeutics.  

Keywords: Mesoporous silica particles synthesis, Stöber method, drug delivery 

1. INTRODUCTION  

Si-based nano- and submicron-sized carriers have gained a substantial and deserved place among another 
perspective nanotherapeutic materials due to the wide range of advantages: uniform and tunable particle size 
and morphology, high surface area and large pore volume, efficient encapsulation and high loading capacity, 
high thermal and chemical stability compared to other polymer-based carriers, good biocompatibility, high 
loading capacity and protection of the desired guest molecules, zero premature release before reaching its 
target, efficient cellular uptake, effective endosomal escape, controllable rate of release to achieve an effective 
local concentration, cell and tissue targeting [1-3].  

Although various synthetic strategies to produce silica particles (SP) with different sizes, shapes, pore 
structures, and other characteristics have already appeared among the major achievements in the field of 
material chemistry over the last decades, an implementation of the advanced Si-based carriers into industrial 
pharmaceutical area is hampered. It is caused by the fact that they cannot withstand an assessment of the 
benefit obtained from the possible practical implementation of these systems and the availability of obtaining 
such sophisticated systems in comparison with the already approved pharmaceuticals. In addition, their 
synthesis procedure is complex and time consuming, resulting in that the advanced Si-based carriers are still 
on the scientific research level [4-7]. 

To overcome these drawbacks, in the present work basic sol-gel method based on Stöber approach that 
utilizes a reaction of simultaneous hydrolysis and condensation of silica source and organotrialkoxysilanes at 
the high alkaline pH for large-scale SP preparation with sufficient outcome was implemented. While comparing 
with previously reported results, reaction conditions were improved with the aim to reach homogenous particles 
of smaller size and higher total surface area that is of crucial importance for small organic molecules loading.  

2. EXPERIMENTAL PART 

Silica particles were synthesized from the following raw materials: tetraethyl orthosilicate (TEOS) as the silica 
source, cetyltrimethylammonium bromide (CTAB), dodecyltrymethylammonium bromide (DTAB), 
tetradecyltrymethylammonium bromide (TTAB) as a template and/or surfactant, L-lysine, N’, N’, N’, N’-tetrakis 
(2-hydroxypropyl)ethylenediamine (THEEDA), imidazole, 1-(2-pyridyl) piperazine (PP), ammonia (28% water 
solution), diethanolamine (DEA), triethanolamine (TEA) as the catalysts, all chemicals were obtained from 
Sigma Aldrich, Czech Republic.  
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The solvents - acetone, acetic acid (99.5% purity), anhydrous ethanol (99.7%), diethyl ether (99.5% purity) 
ethanol, methanol, sodium hydroxide, potassium phosphate, hydrochloric acid (HCl) (36-38%), aqueous 
ammonia (25), chloroform (95% purity), - were bought from IPL Lukes, Uhersky Brod, Czech Republic, 
chloroform (HPLC grade) and acetic acid (HPLC grade) were purchased from Chromspec, Brno, Czech 
Republic. Distilled water was used in all our experiments. All the chemicals were used as received without 
further purification. 

The morphology and particle size of the prepared carriers were observed by using a field emission scanning 
electron microscope (Scanning electron microscope Nova NanoSEM 450 (FEI, The Netherlands). Specific 
surface area and pore volume were determined from the low-temperature adsorption data (automatic sorption 
high precision surface area and pore size analyzer BELSORP-mini II, USA) by volumetric gas adsorption 
method. The samples were degassed at 230C (Si carrier) for 6 hours to remove all water vapor. 

3. RESULTS AND DISCUSSION  

 
Figure 1 SEM micrographs of obtained SP 

Recent advances in silica particles synthesis have enabled the precise control of its morphology, size, and 
composition which afford its applications in drug delivery. However, a general method for the large-scale 
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synthesis of SP with uniform size distribution in the range convenient for its biomedical application and different 
surface properties still remains challenging. For drugs that are mostly small organic molecules delivery, the 
size of more than 100 nm is preferable to avoid detrimental effect on living tissues. On the other hand, SP 
bigger than 300 but less than 1000 nm are strictly appreciated in of cosmetology and topical (transdermal, 
transbuccal) drug delivery.  

Stöber approach is a very convenient for SP preparation due to its simplicity. Herein, a general method was 
developed to synthesize a group of uniform spherical silica particles with uniform size both less than 300 nm 
and between 300 and 10000 nm through three different approaches by utilizing a number of additive agents 
to adjust hydrolysis and condensation process: 

1) Template-based sol-gel method with different cationic quaternary ammonium salts 
(Dodecyltrimethylammonium bromide (DTAB_A), trimethyl tetradecylammonium bromide (TTAB_A), 
hexadecyltrimethylammonium bromide ((CTAB_A)) as organic templates and NH4OH as alkaline 
catalyst. 

2) Template-free sol-gel method with secondary (diethanolamine (DEA), tertiary (triethanolamine (TEA) 
alkanolamines and NH4OH (A) as catalysts  

3) Template-based sol-gel method with small organic amines (N, N, N, N-tetrakis(2-
hydroxyethyl)ethylenediamine (CTAB_THEEDA) or N- heterocyclic compounds (imidazole 
(CTAB_Imidazole), 1-(2-pyridyl)piperazine (CTAB_PP) or secondary (diethanolamine (CTAB_DEA), 
tertiary (triethanolamine (CTAB_TEA) alkanolamines and NH4OH (CTAB_A) as alkaline catalysts. 

 

Figure 2 Nitrogen adsorption/desorption isotherms of the SP obtained by the Method I. An insert represents 
pore size distribution of SP 

Table 1 and Figure 2 represent textural properties of SP obtained by the Method I and their nitrogen 
adsorption/desorption isotherms. As can be seen, size of particles as well as their surface properties were 
influenced by different cationic quaternary ammonium salts as surfactants, resulting in a decrease of particles 
size with a decrease of alkyl chain length [4]. Due to precise control of the reaction compounds and appropriate 
solvents size of particles was significantly decreased comparing with previously described results [4].  
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Table 1 Textural properties of SP obtained by the Method I. The upper number express data obtained in our  
   syntheses and the lower range shows the reference results [4, 6] 

Samples Pore diameter, MPD, nm 
Total 

surface 
area, as, m2g-1 

Total pore volume, TPV,  
cm3g-1 

TTAB-THEDA 
9 738 1.66 

2 545 0.83 

CTAB-THEDA 
10 855 2.22 

2 431 0.49 

DTAB-THEDA 
2 497 0.25 

2 527 0.77 

Table 2 Textural properties of SP obtained by the Method II. The upper number express data obtained  
    in our syntheses and the lower shows the reference results [4, 6] 

Samples Pore diameter, MPD, nm Total surface area, as
 
, m2g-1 Total pore volume, TPV, cm3g-1 Size, nm 

DEA 
20.1 557 2.80 75 

24.2 41 0.43 100 

TEA 
15.9 673 2.67 88 

3.5 140 0.66 180 

A 
3.6 521 0.47 200 

3.1 30 0.36 230 

 

Figure 3 Nitrogen adsorption/desorption isotherms of the SP obtained by the Method II. An insert represents 
pore size distribution of SP 

Although surfactants play an important role in SP formation also as a template source, there are reports about 
SP formation without any surfactants. Alkaline catalysts have major influence on the hydrolysis and 
subsequent condensation of Si source resulting in variable size and porosity of obtained particles while Stöber 
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approach is applying. As can be seen from Figure 1, cationic quaternary ammonium salts removal resulted in 
formation of well-shaped homogenous spherical particles. Nevertheless, they are different in size and surface 
properties (Table 2), with increase of the particle size and decrease of the size of pores in a range TEA, DEA, 
A, which could be due to their different alkalinity (pKa(TEA)=9.2, pKa(DEA)=8.9, pKa(A)=7.8). For instance, 
addition of the equal amount of NH4OH to the reaction will result in drastic change of pH comparing with 
triethanolamine and fast hydrolysis and further condensation of the Si species resulting in bigger particles with 
smaller pores. Comparing with template-based method, template-free approach enables preparation of SP 
with relatively large diametres (Tables 2, 3, Figures 2, 3). 

Table 3 Textural properties of SP obtained by the Method III. The upper number express data obtained  
    in our syntheses and the lower range shows the reference results [4, 6] 

Samples 
Pore 

diameter, 
MPD, nm 

Total surface area, as, 
m2g-1 

Total pore volume, 
TPV, cm3g-1 

Size, 
nm 

CTAB-THEEDA 9.0 738.2 1.66 
30 

100 

CTAB-Imidazol 6.6 483.5 0.8 
70 

79 

CTAB-PP 2.9 1019 0.76 100 

CTAB-DEA 10.0 1005 2.68 169 

CTAB-TEA 7.8 104 2.03 25 

CTAB-A 2.7 765 0.52 640 

 

Figure 4 Nitrogen adsorption/desorption isotherms of the SP obtained by the Method III. An insert 
represents pore size distribution of SP 

Small organic amines or nitrogen-containing heterocyclic compounds due to their alkaline properties are 
suitable to be used as catalysts during SP synthesis. Precise control of reaction conditions and adjustment 
concentration of catalysts resulted in particles less than 100 nm that is less than was reported before.  
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Necessity to apply different synthetic routs that allowed preparation of the particles with overlapping size and 
surface properties is based on further evaluation of biocompatibility and the assumption that synthetic routs 
might have impact on SP toxicity. 

CONCLUSIONS 

Uniform and monodisperse mesoporous silica particles have been prepared successfully in a moderate 
condition using a template-free or template-based sol-gel approach in the presence of various additive agents 
as catalysts. Formation of SP occurred through self-assembly of silica species with/without cationic surfactants 
(DTAB, TTAB, CTAB) with following hydrolysis and condensation of Si precursor in solution. The particle size 
(from 25 nm to 1000 nm) as well as texture properties of SP including pore diameter and surface area can be 
controlled by adding suitable agents (small organic amines, N- heterocyclic compounds, secondary and tertiary 
alkanolamines) that affect the hydrolysis and condensation of Si species. Yield of reactions is achieved not 
less than 77% of the initial Si concentration. Current investigation of optimization of the large-scale room-
temperature synthesis of mesoporous silica particles with tunable surface properties allowed us to hypothesize 
that those materials could serve as active substituents of current fillers in pharmaceutical formulations for 
advanced delivery of therapeutics. 
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Abstract  

Perovskite-type structures with mixed oxygen-ionic and electronic conductivity, high activity and stability are 
used as catalysts for high temperature processes such as synthesis gas production and ethylene and 
propylene subsequent synthesis. The nanostructured perovskite-type oxides GdFe1-xMnxO3 (x = 0, 0.01, 0.05, 
0.2, 0.5, 0.8 and 1) were synthesized by ceramic and sol-gel technologies and were studied as catalysts for 
dry reforming of methane and the CO hydrogenation. The complex of physico-chemical investigation methods 
showed that samples obtained by sol-gel technology are in nanocrystalline state and these have a porous 
structure, and oxides prepared by ceramic technology are in sub-microcrystalline state. The sol-gel method 
makes it possible to obtain samples with higher catalytic performances in comparison with ceramic systems. 
Doping the B-site of gadolinium ferrites with manganese, and also surface modification with Mn leads to an 
increase in olefin selectivity over the entire temperature range. The highest stability, catalytic activity, and 
unsaturated hydrocarbons (ethylene and propylene) selectivity in the carbon oxides hydrogenation were 
observed over GdFeO3, GdFe0.95Mn0.05O3, 5 %wt Mn/GdFeO3 samples. It was established that the phase 
composition of all ferrites remains unchanged after catalytic reactions. Partial decomposition of catalysts and 
significant changes in the samples morphology didn’t occur. Carbon is present on the used catalysts surface, 
but since the catalysts activity didn't change in repeated experiments for a long time, it is suggested that this 
carbon is mostly active. And formation of inactive carbon for samples obtained by sol-gel method is minimal. 

Keywords: Carbon monoxide, reforming, Gd-Mn-Fe perovskite oxide, hydrogenation, methane, light olefins 

1. INTRODUCTION 

At present in the oil processing there is a steady increase of interest in alternative methods for synthesis gas 
producing, which plays an important role for the motor fuels production and in other chemical processes, 
particularly, to obtain ethylene and propylene is an important raw material for the chemical industry. Supported 
catalysts that contain metals of the Pt or Co, Ni, Fe subgroup are effective catalysts in the GTO (Gas to Olefins) 
processes, but the main drawback of these samples is related to both the high cost and the tendency to poison. 
In addition, using traditional catalysts, the products range is very wide. Therefore, the creation of effective 
catalysts with a predictable distribution of products and resistant to coking is a priority. In recent years, much 
attention has been paid to complex oxides with a perovskite-type structure, which have mixed oxygen-ion and 
electronic conductivity. A considerable amount of research indicates their high catalytic activity and selectivity, 
stability and low coking [1-4].  

The aim of this work was to study the properties of nanostructured perovskite-type oxides GdFe1-xMnxO3  
(x = 0, 0.01, 0.05, 0.2, 0.5, 0.8 and 1) in GTO processes (dry reforming of methane and carbon monoxide 
hydrogenation), and also the effect of preparation method and composition of complex oxides on their catalytic 
activity and selectivity. 
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2. EXPERIMENTAL 

Nanostructured perovskite-type ferrites GdFe1-xMnxO3 (x = 0, 0.01, 0.05, 0.2, 0.5, 0.8 and 1) synthesized 
by sol-gel and ceramic technologies according to the procedures described in [5] were used as catalysts of 
dry reforming of methane (DRM) and carbon monoxide hydrogenation.  

The manganese modification of the GdFeO3 oxide surface was carried out by the multilayer impregnation 
method; the applied component amount was 1.0-5.0 ± 0.5% by weight of the carrier mass. The active 
component (Mn) was introduced onto a "base" carrier, which was selected as GdFeO3, by immersing it in a 
manganese nitrate salt solution. After impregnation, the solid was dried at 150 °C for 3 hours and calcined at 
450 °C for 4 hours to form an oxide perovskite structure on the surface.  

The results from synthesis were monitored via X-ray diffraction (XRD). ARL X’TRA and Rigaku MiniFlex II 
diffractometers with CuKα radiation were used to conduct our XRD experiments. A PDF2 database was used 
for phase identification. The size of coherent scattering region was estimated using Scherrer’s equation. 

Sample images were taken with a Zeiss EVO.40 scanning electron microscope at an accelerating voltage of 
10 kV and a resolution of 3 nm (the microscope operated under low vacuum and did not require sputtering for 
nonconductive samples), and a Carl Zeiss Supra 40VP electron microscope at a voltage of 20 kV and a 
resolution of 1.3 nm. 

Photon correlation spectroscopy using a Malvern Zetasizer Nano analyzer with 4 mW helium-neon laser 
(wavelength, 633 nm) was also used to determine particle size. 

The catalytic activity in the DRM reaction was determined by supplying a reaction mixture with component 
ratio [СО2 : СН4] = 1 : 1. In the hydrogenation reaction, the ratios were [СО : Н2] = 1 : 1; 1 : 2; 1 : 4. Our 
experiments were conducted in flow catalytic reactors at atmospheric pressure and volumetric feeding rates 
of 0.5-1.0 L/h in the temperature range of 300-723 K (for hydrogenation) and 773-1223 K (for DRM). Products 
were analyzed on Crystal 2000M and Crystal 5000 chromatographs using a stainless steel column packed 
with porapak Q at 393 K, along with thermal conductivity and flame ionization detectors linked in sequence. 
The rate of formation of reaction products W (mol/h*gcat) and the specific catalytic activity (SCA) were 
measured after the system reached an equilibrium state, estimated from the invariability of the 
chromatographic peaks and the normalized per unit mass of the catalyst 

3. RESULTS AND DISCUSSION 

The studied ferrites are classified as Ruddlesden-Popper phases [6,7]. The complex oxide GdFeO3 is 
described as an oxide with a distorted perovskite structure in the literature [8]. 

 

Figure 1 Diffractograms of complex ferrites GdFeO3: (a) ceramic technology; (b) sol-gel technology; 
GdMnO3 (c), sol-gel technology; GdMn0,5Fe0.5O3 (d), sol-gel technology 

Using X-ray analysis, one phase with a perovskite-like layered structure was found in GdFe1-xMnxO3 (x = 0, 
0.01, 0.05, 0.2, 0.5, 0.8 and 1) prepared via both the solid-phase and the sol-gel techniques (Figure 1). A 
comparison of the diffraction reflections and the determination of coherent scattering region (CSR) showed the 

(a) 
(b) 

(c) (d) 
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particles of the polycrystalline samples prepared using ceramic technology to be bigger than those of the same 
compound obtained with the sol-gel method. 

According to photon correlation spectroscopy and scanning electron microscopy data (Figure 2), the particles 
were anisotropic, and the average diameter and length of the crystallites synthesized according to the ceramic 
technique were 2-10 and 10 μm, respectively. For the sol-gel products, these parameters were 30-60 and 200 
nm, respectively. It should be noted that the particle morphology also differed: the shape of the particles 
prepared via the sol-gel method was uniform, as was the particle size distribution. In addition, the samples all 
had porous surfaces. 

  

Figure 2 SEM images of complex layered oxide GdFeO3, prepared via ceramic technology (a) and the sol-
gel method (b), GdMnO3 (c), GdMn0,5Fe0.5O3 (d) 

According to the Mössbauer spectroscopy data, the iron atoms in the complex ferrites prepared using ceramic 
technology were in a magnetically ordered state, Fe3+. Mössbauer spectra of the solid solutions synthesized 
via sol-gel technology showed the iron atoms in the GdFeO3 samples to be in state Fe3+ in two fields with 
different symmetry. 

During the DRM reaction over GdFe1-xMnxO3 (x = 0, 0.01, 0.05, 0.2, 0.5, 0.8 and 1) complex oxides up to 1000 
K, the conversion of methane and carbon dioxide didn't exceed 10 and 20%, respectively. A further rise of 
temperature led to an increase in the process rate and at T = 1223 K the methane and carbon dioxide 
conversion to carbon monoxide and hydrogen amounted to 20 to 60%, depending on the perovskite 
composition (Figure 3) and the amount of CO being 2-3 times greater amount of hydrogen (Table 1). 

         

Figure 3 The temperature dependence of the (a) CH4 and (b) CO2 conversions 

The manganese proportion increasing in the B-site of complex oxide led to a drop in activity in the hight 
temperatures range. However, despite the low values of products formation rates, the highest hydrogen 
selectivity of 81% was achieved on the sample with x = 0.2 (Table 1).  
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In order to estimate the values of the efficient activation energies and the number of active surface centers of 
the investigated ferrites, the experimental data were processed in linear coordinates of the Arrhenius equation. 
The values of the hydrogen formation activation energies and the respective logarithms of the pre-exponential 
factors for the samples are presented in Table 1. 

Table 1 Catalytic performances of GdFe1-xMnxO3 (x = 0, 0.01, 0.05, 0.2, 0.5, 0.8 and 1) ferrites for DRM process 

Sample α (CH4), 
% 

α (CO2), 
% 

W (CO), 
mol/(h*g) 

W (H2), 
mol/(h*g) 

S(CO), 
% 

S(H2), 
% 

Еа(H2) 
kDj/mol ln k0 

GdFeO3(s-g) 45 60 0.212 0.128 80 56 198 19.3 

GdMn0.01Fe0,99O3(s-g) 62 50 0.223 0.110 80 35 177 15.1 

GdMn0.05Fe0,95O3(s-g) 27 65 0.133 0.074 67 66 195 16.4 

GdMn0.2Fe0,8O3(s-g) 22 58 0.155 0.080 88 81 176 17.4 

GdMn0.5Fe0,5O3(s-g) 43 45 0.127 0.042 74 28 178 14.2 

GdMn0.8Fe0,2O3(s-g) 20 57 0.147 0.069 88 77 169 16.5 

GdMnO3(s-g) 30 28 0.103 0.026 81 19 142 10.3 

It can be seen that the manganese introduction into the anionic sublattice of ferrite leads to a decrease in the 
H2 formation activation energy, as well as the corresponding lnk0 values characterizing the number of active 
sites. For a sample with x = 0.2, the number of these centers turned out to be comparable with the initial ferrit, 
indicating a synergistic effect. 

When carrying out reaction of carbon monoxide hydrogenation at the ratio of CO:H2 = 1:2 over the GdMnO3 
and GdFeO3 samples showed that the reaction products were the C1-C5 hydrocarbons. However, the amount 
of methane formed over GdMnO3 was significantly less than over GdFeO3 in the entire temperature range 
(Figure 4a).  

   
Figure 4 Temperature dependencies of the (a) methane and (b) ethylene formation rates at the ratio  

СО:Н2 = 1:2 

A similar trend was observed in the ethylene formation (Figure 4b). The complete replacement of iron with 
manganese in the B-site in the ABO3 perovskite structure resulted in an almost twofold increase in olefins 
selectivity (Figure 5). Changes in the qualitative composition of the products (hydrocarbons C1-C5) during the 
carbon monoxide hydrogenation on samples in which iron in the B-site was partially replaced by Mn (1% and 
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5%) were not observed. The increase of manganese proportion to 5% both in B-site of perovskite structure 
and on the surface led to increase in the products formation rates.  

 
Figure 5 Temperature dependence of the all selectivities toward olefins at the ratio CO:H2 = 1:2 

The calculation of selectivities to ethylene and propylene showed that due to the suppression of methane 
formation when manganese is introduced into the gadolinium ferrite, the values of S significantly increase 
(Figure 5). Thus, the substitution of 1% Fe to Mn led to an increase in selectivity by the 1.5 times, and the 
replacement of 5% Fe by almost 2 times. We can assert about the emergence of synergetic effect in the iron 
and manganese action. It can be seen that the S values increase with the manganese content regardless of 
the modification method: the selectivities for samples containing 1% manganese on the surface are 
comparable with the selectivities for the sample with 1% manganese in the B-site of the complex oxide. A 
similar trend was observed for samples containing 5% manganese. At the same time, the influence of 
manganese in the anionic sublattice was stronger. The calculated apparent activation energies and logarithms 
of the pre-exponential factor for manganese modified samples are summarized in Table 2. A comparison of 
the data showed that the decrease of methane formation rates for samples with manganese in the B-site of 
the complex oxide is due to the energy factor (the increase in Ea), and the increase in selectivity to olefins is a 
frequency factor (a significant increase in lnK0(C2H4)). Doping the surface of oxides with manganese, on the 
contrary, leads to a decrease in the number of active centers responsible for the CH4 formation and an increase 
in the number of centers on which ethylene is formed. 

Table 2 Activation energies of methane and ethylene formation and logarithms of pre-exponential factors for  
  GdFe1-xMnxO3 (x = 0; 0.01; 0.05 and 1) and Mn/GdFeO3 samples for carbon monoxide hydrogenation 

Sample Еа(СН4), kDj/mol lnK0(СН4) Еа(С2Н4), kDj/mol lnK0(С2H4) 

GdFeO3 48.0 3.60 72.0 7.40 

1%Mn/GdFeO3 36.5 -0.90 70.9 4.12 

5%Mn/GdFeO3 43.4 1.87 74.7 6.55 

GdFe0.99Mn 0.01O3 83.8 8.89 89.9 8.74 

GdFe0.95Mn0.05O3 82.8 8.28 88.4 8.07 

GdMnO3 51.3 0.36 29.3 -4.04 
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All the tested ferrites showed a high stability. It was established that the phase composition of all ferrites 
remains unchanged after catalytic reactions. Partial decomposition of catalysts and significant changes in the 
samples morphology didn’t occur. Catalytic characteristics were preserved during the repeated experiments 
and were not changed after 50 hours of the experiment. The mass change of the catalyst after completion of 
all tests did not exceed 1% for all investigated systems. It may indicate a slight carbonization surface of the 
tested ferrites and the potential use for their further studies. 

4. CONCLUSION 

Physicochemical and catalytic properties of nanostructured perovskite-type oxides GdFe1-xMnxO3 (x = 0, 0.01, 
0.05, 0.2, 0.5, 0.8 and 1) were synthesized and studied. A correlation between the preparation method, the 
composition and the structure of oxides, and their catalytic properties was established. It is shown that the 
hydrogen selectivity for dry reforming of methane depends on the manganese proportion in the layered oxide. 
Doping the anionic sublattice of gadolinium ferrites with manganese, and also surface modification with Mn 
leads to an increase in olefin selectivity for hydrogenation processes over the entire temperature range, which 
is associated with the appearance of a synergetic effect.  
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Abstract  

It is well-known that a type of used fumed silica nanoparticles plays a dominant role in wettability of the 
corresponding nanofibrous mats. As a result, the desired contact angle can be approximately achieved by a 
choice of adequate fumed silica nanoparticles. However, less attention has been hitherto paid to an active role 
of solvents in connection with the tailoring this contact angle. For analysis we used poly(vinyl butyral) 
representing electrospun-friendly material, various types of fumed silica nanoparticles and two solvents - 
methanol and ethanol. It is demonstrated that a choice of polymer solvents plays a significant role in contact 
angle changes. Hence, in combination of the type of fumed silica nanoparticles and the type of solvent it is 
possible to achieve a finer partition of the required contact angles. 

Keywords: PVB solution, solvents, fumed silica, electrospinning, rheology  

1. INTRODUCTION 

Wettability represents a very important property of solid surfaces in various industrial applications as 
documented e.g. in [1-3]. Natural surfaces, like the lotus leaf, show that these biological superhydrophobic 
properties are induced by a hierarchical surface roughness in micro- and nanometer scale. For example, the 
superhydrophobic surfaces may be used for advanced applications, like as self-cleaning or separation 
membranes [4,5]. The required properties from the viewpoint of wettability can be achieved by surface 
treatment of the final products or during their manufacturing (as e.g. polymer processing) or by a combination 
of these two approaches.  

Electrospinning, a polymer process during which the nanofibrous mats are prepared through a formation of 
viscoelastic jets in high electrostatic field, is an excellent representative how wettability of the resulting products 
can be widely varied. An application of various combinations of the entry parameters (as e.g. type of solvent 
[6,7], polymer concentration [8,9], relative humidity, applied high voltage, tip-to-collector distance) results in 
specific morphology of the resulted nanofibres that is generated by different cross-sections of the individual 
nanofibres (circular, flat or branched) and their possible porosity. The solvent properties and concentration of 
polymer solution significantly participate in a degree of wettability. Another factor contributing to tailoring 
wettability of nanofibrous mats is an application of additives. A family of fumed silica nanoparticles cover a 
broad range from hydrophilicity to hydrophobicity.  Dufficy et al. [10] incorporated various fumed silica 
nanoparticles into polyacrylonitrile nanofibres by electrospinning process to produce mats with controlled 
wettability. Koysuren and Koysuren [11] reinforced poly(methyl methacrylate) nanofibrous mats with silica 
nanoparticles  to make better dye adsorption capacity possible through higher contact angle of mats. 

In this contribution, the wetting properties of nonwovens textile from poly(vinyl butyral) (PVB) dissolved either 
in methanol or ethanol solutions are analysed by water contact angle (CA) measurements. To enhance the 
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wettability of mats, various types of fumed silica differing in surface modification, size and specific surface area 
were added into polymer solutions and consequently electrospun. The wetting properties of nanofibrous mats 
and cast films were compared. 

2. EXPERIMENTAL 

Material and Sample Preparation 
Polyvinyl butyral (PVB, with butyral content of 75-81 %, Mw = 60,000 g/mol) was kindly provided by Kuraray 
Specialities Europe and it was dissolved in methanol and ethanol (quality of p.a., Penta, Czech Republic) at 
concentration 10 wt.%. Fumed silica nanoparticles (NPs) were kindly provided by Evonik Degussa Corporation 
(Germany). Characterization of the individual nanoparticles (specific surface area (BET), diameter of particles 
and surface modification) is described in Table 1.  

PVB solutions with fixed concentration (2 wt.%) of fumed silica NPs were prepared by magnetic stirring at 
250 rpm and at 25 °C over 48 hours using a magnetic stirrer (Heidolph, Germany). The PVB solutions were 
cast onto glass Petri dishes, left at room temperature until the solvents were evaporated. The nanofibrous 
webs were produced using a laboratory device [12] with the carbon steel stick (10 mm in diameter) and the flat 
metal collector. The electrospinning process of PVB solutions with silica NPs was carried out at a voltage of 
20 kV and the tip-to-collector distance was fixed at 10 cm. Volume of a drop of polymer solution placed on the 
tip was approximately 0.2 ml. The temperature and relative humidity for electrospinning was about 23 °C and 
45 %, respectively.  

Table 1 Characterization of various fumed silica nanoparticles 

Fumed silica Diameter (nm) BET (m2/g) Modification 

R 812 8 230-290 Trimethylsilyl 
O-Si-(CH3)3 

R 805 10-12 125-175 Octyl 
(O)3-Si-C8H17 

A 200 12 175-225 Hydrophilic/none 

R 972 12-16 90-130 Dimethylsilyl 
(O)2-Si-(CH3)2 

Characterizations 

Morphology of the nanofibres sputtered by a thin gold layer was observed using a Vega 3 high resolution 
scanning electron microscope (Tescan, Czech Republic). The mean fibre diameter was determined by help of 
Adobe Creative Suite software taking into account 300 fibres from 3 different images. 

The wettability of PVB films and fibres was determined by the sessile drop method by a Drop Shape Analyzer 
- DSA30E (KRÜSS, Germany), using deionized water as the liquid. 

3. RESULTS AND DISCUSSION 

To compare solvent effect on the morphology of PVB nanofibres, methanol and ethanol were selected. Under 
the optimal experimental parameters (voltage of 20 kV and a tip-to-collector distance of 10 cm) favouring the 
fabrication of uniform nanofibres, a series of polymer solutions were electrospun. The PVB nanofibres created 
from the PVB/methanol solutions with mean diameter around 291 nm are of a circular shape and relatively 
thinner than the flat nanofibres electrospun from PVB/ethanol solution with mean diameter around 414 nm. To 
evaluate the changes in surface properties, the contact angle (CA) was measured by the sessile drop method. 
The shape of nanofibres influenced wetting properties. The SEM images and mapping of the contact angles 
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of the neat PVB nanofibres created from the two solvents are shown in Figure 1. The circular nanofibres with 
smaller diameter exhibit higher average CA of 137° than the flat ones with higher diameter and CA of 129°.  

 

Figure 1 The SEM images and mapping of contact angles of neat PVB fibres 

To increase the water repellency of nanofibrous web, the fumed silica nanoparticles at fixed concentration of 
2 wt.% were added to the 10 wt.% PVB solutions and nanofibres were successfully produced. The fumed silica 
differing in surface modification, size and specific surface area has effect on the roughness of fibres which is 
the dominant factor for wettability. The results of nanofibres diameters and their corresponding CA are 
presented in Table 2.  

Table 2 The diameters of nanofibres and their wetting properties 

 PVB in methanol PVB in ethanol 

 Diameter of fibres 
[nm] Contact angle [°] Diameter of fibres 

[nm] Contact angle [°] 

Neat PVB 291 ± 56 137 ± 6 414 ± 73 129 ± 9 

PVB / R 812 350 ± 106 146 ± 3 476 ± 74 132 ± 12 

PVB / R 805 346 ± 68 137 ± 7 468 ± 83 133 ± 4 

PVB / A 200 349 ± 70 140 ± 8 501 ± 76 135 ± 7 

PVB / R 972 363 ± 130 152 ± 4 536 ± 108 141 ± 5 

It was found that the surface morphologies were substantially changed by solvent due to polymer-particle-
solvent interactions. In the case of PVB dissolved in methanol the fumed silica nanoparticles cover nanofibres 
in a better way in comparison with the nanofibres produced from PVB dissolved in ethanol. Figures 2 and 3 
depict the morphologies of nanofibres obtained from PVB dissolved in methanol and ethanol and their 
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corresponding mappings of water contact angles. In the case of silica R 972 it was found that the contact angle 
increased up to 152° which indicates superhydrophobic behaviour. 

 

Figure 2 The SEM images and mapping of contact angles of PVB/silica fibres produced from methanol 
solutions 

 

Figure 3 The SEM images and mapping of contact angles of PVB/silica fibres produced from ethanol 
solutions 

The surface roughness of electrospun nanofibres increases the contact angles in comparison to the cast films. 
The values obtained are listed in Table 3 and the mapping of CA is shown in Figure 4. The wettability of cast 
films exhibited rather hydrophilic behaviour, it means the CA is lower than 90°. The silica R 972 with the highest 
particle size incorporated into the PVB film shows again the highest CA compared to the others. 
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Table 3 The contact angles [°] of PVB films 

 PVB in methanol PVB in ethanol 
Neat PVB 77 ± 4 82 ± 4 

PVB / R 812 80 ± 5 75 ± 3 
PVB / R 805 72 ± 4 80 ± 6 
PVB / A 200 77 ± 2 81 ± 5 
PVB / R 972 81 ± 2 79 ± 3 

 
Figure 4 Mapping of contact angles of neat PVB and PVB/silica films  

4. CONCLUSION 

The circular and flat nanofibres with diameters ranging on average from 291 to 363 nm and 414 to 536 nm 
were successfully prepared from PVB dissolved in methanol and ethanol, respectively, containing fumed silica 
nanoparticles. It was shown that in contrast to the films, the nanofibrous webs exhibit nearly or totally 
superhydrophobic behaviour. In summary, the used solvents and the sizes of silica changed surface covering 
of the nanofibres with the more favourite results if methanol is used. In each case adding the fumed silica R 
972 with highest size (16 nm) to PVB solution favours an increase of the contact angle of prepared nanofibrous 
webs or cast films. 
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Abstract 

The short carbon fibers reinforced cementitious matrix composites were prepared. The mechanical properties 
of the materials were investigated. Recycled Short carbon fiber has recently gained popularity in concrete 
reinforcing applications due to its excellent mechanical properties. The aim of this research is to evaluate the 
flexural strength, compression strength and tensile strength in enhancing the mechanical behavior of concrete. 
Concrete specimens were cast with five different formulations of the same fiber. Interfacial properties were 
also investigated by scanning electron microscopy. A total of 156 specimens with short carbon fiber volume 
fraction ranging from 0.0% to 0.5% were tested. 

Keywords: Recycled carbon fiber, Silica fume suspension, quartz powder, fly ash 

1. INTRODUCTION 

Carbon fibers show a succession of special properties of high strength, high modulus, high temperature 
resistance, corrosion resistance, fatigue resistance, creep resistance, light weight, and electric conduction [6]. 
Carbon fiber reinforced plastics (CFRP) is one of the most common composite material used in industrial fields, 
mainly the space industry, car industry, architecture and medical sectors etc [1], [2], [3], [9], [10]. The degree 
of their manufacture is rising. Earth filling of CFRP waste is the main problem. The increased use of carbon 
fiber reinforced plastics (CFRPs) also has generated an increasing amount of CFRP wastes [1], [2] [3]. 

According to statistics, the global market value for CFRPs was about 25 billion USD in 2013 and this value is 
expected to double in 2022, signifying a growth rate of over 7.6% per year [2]. Also, the same thing will happen 
to current commercial aircraft (the service life of 8500 commercial planes will end by 2025), withal each aircraft 
bring forth more than 20 tons of CFRPs wastes (Roberts, 2007) [2] [3]. According to the statistics, the world-
wide demand for carbon fibers reached approximately 35,000 tons in 2008 and this number is expected to 
double in 2014, indicating a growth rate of over 12% per year [5]. The increasing requirement of carbon fiber 
has raised an environmental and economic awareness among researchers for the need to recycle the CFRP 
waste material in a suitable way [3] Because most of its waste is used as an earth filling, it is essential to 
conceive novel and useful methods for using recycled carbon fibers. Various techniques have been developed 
for obtaining recyclable carbon fibers from CFRP [1], [2]. The typical recycling methods could be classification 
into three systems: mechanical recycling, chemical process and thermal [2]. The main drivers for recycling of 
carbon fibers are the EU Directive on Landfill of Waste (Directive 99/31/EC). Therefore, land filling of 
composites is already prohibited in some countries of the European Union. The high price of carbon fiber is 
another motive to reduce production waste of these [4]. The current method of handling CFRP at their end-of-
life has a negative impact on the environment as they are typically disposed of in landfills. With some 6000-
8000 commercial planes expected to reach end-of-life dismantlement by 2030 [7], the environmental impact 
of the increasing use of CFRP will worsen. In an effort to mitigate this, legislation has been put in place [5]. In 
the CFRC composites, carbon fibers are beneficial in their superior ability to increase the mechanical and 
electrical properties of cement [6]. 
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There are lots of factors affecting the properties of CFRC composites. Among them, the dispersion of carbon 
fibers in the cement matrix directly affects the mechanical properties and electrical properties. The 
improvement of mechanical properties can be observed in higher flexural toughness and strength, and tensile 
ductility and strength. Carbon-fiber-reinforced cement-based composites (CFRC) possess not only excellent 
mechanical properties, but also high conductive and electromagnetic performances. In recent years, CFRC 
have been extensively used as smart civil engineering materials for structural monitors, intelligent buildings 
and deicing or snow-melting pavements. However, carbon fibers tend to cluster during process of preparing 
the composites. Nowadays, pre-mixing method (carbon fibers were added before cement) and after-mixing 
method (carbon fibers were added after cement) are usually adopted to prepare carbon-fiber-reinforced 
cement-based composites. However, mixing methods of carbon fibers can evidently influence their dispersion 
in cement matrix.In order to make carbon fibers uniformly dispersed in the cement matrix, an appropriate 
amount of suitable dispersants and additives should be added in the preparation of CFRC composites. The 
dispersion is also enhanced by using silica fume (a fine particulate) as an admixture. The improved structural 
properties rendered by carbon fiber addition pertain to the increased tensile and flexible strengths, the 
increased tensile ductility and flexural toughness, the enhanced impact resistance, the reduced drying 
shrinkage and the improved freeze-thaw durability [6,7,8,9]. 

2.  EXPERIMENTAL PROGRAMS 

2.1.  Materials 

Type I Portland cement provided by dyckerhoff weiss Portland Cement, Germany was used in this study. The 
fine grade fly ash, provided by Blue Circle Company in Australia was used. The fine grade quartz powder, 
provided by sibelco benelux, Germany was used. Silica Fume provided by Ha-Be Middle East LLC was used 
in our experiment.The fine aggregate is natural river sand with 0, 2-0, 6 mm in diameter and a fineness modulus 
of 2.64. 

Here only recycled carbon fiber was used which was collected from car industry having length ranges from 
200 mm-500 mm and then cut into short form of length was 10 mm-40 mm (Figure 1a). The diameter of RCF 
is about 6-7 μm which was measured through optical microscopy (Figure 1b). The mixing content of the RCF 
was designed as 0%, 0.1%, 0.3% and 0.5% of the total volume of the mix. Physical and mechanical properties 
of the fibers are summarized in Table 1. 

   

Figure 1(a) Short recycled carbon fiber Figure 1(b) SEM of Chopped RCF 
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Table 1 Properties of recycled carbon fiber 

Fibre variety Length 
(mm) 

Density 
(g/cm3) 

Modulus of 
elastic (GPa) 

Tensile 
strength (MPa) 

Elongation at 
break (%) 

Water 
absorption 

Recycled 
carbon fibre 

10-40 0.91 4-9 400-700 7-9 <0.1 

2.2.  Mixing and curing 

The mixing process started with the dry mixing of the Portland cement, fly ash, quartz powder and fine 
aggregates river sand for 5 min in one big bucket. Further, required amount of RCF were added into the dry 
mixture for another 1 min. Then, the wet mixing of the water, silica fume and super plasticizer Fliβmmitel for 1 
min was taken in another bucket (Figure 2). At last, wet part was added slowly into dry part. The fresh concrete 
was mixed for 5 min to make sure still dispersion of fibers in the concrete. The mixture was used as Hand 
Electric Concrete Mixers Two Muddlers ZY-HM-160 of power 1600W with speed 0-690rpm/min.  The fresh 
concrete was cast in 325 × 100 × 20 mm rectangular molds for flexural strength test and in 50×50×50 mm 
cubic molds for compressive strength test. 

Figure 2 Dry mixture and Wet mixture Figure 3 Tensile test specimens before cutting 

For tensile strength test, the concrete paste was cast in the molds of dimension 275 mm×360 mm×9mm 
(Figure 3) and then each plate were cut into six specimens of exact dimension  by sea saw diamond after 14 
days of water curing of exact size 275 ×60 × 9 mm. After casting, specimens were cured at 20 °C in molds 
covered by a polyethylene film to prevent moisture loss. Then, the specimens were de-molded after 24 h and 
were moved to saturated clean water at 20 °C until the testing (after 14 days). 

2.3.  Testing methods 

The compressive strength was tested according to Australian standard, AS 1012.9-1999 at 14 days, 
respectively. The splitting tension test was carried out at 28 days according to Australian Standard, AS 
1012.10-2000. Flexural strength was carried out according to the Australian Standard, AS1012.11-1985. The 
flexural toughness of FRC was estimated based on the ASTM: C 1609. Flexural strength at 14 days was 
respectively tested through the four-point bending experiments conducted on the universal testing machine 
(Instron Model 8033). The span of flexural experiment was 225 mm. The load was applied by displacement 
control with a rate of 0.2 mm/min until the specimens failed. The load-displacement curve for each specimen 
was recorded automatically by data acquirement system 
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3. RESULT AND DISSCUSSION: 

Physical Properties: 

Table 2 shows that the water absorption, density and apparent porosity measurements use the immersion 
technique, based on ASTM C-948-81 (Standard test method for dry and wet bulk density, water absorption 
and apparent porosity of thin sections of glass-fiber Reinforced concrete) in which the specimens are immersed 
in water for twenty-four hours at room temperature by weighing the immersed mass Mi (with the sample into 
the water) and the wet mass Mu (removing Water and gently wipe the surface to remove excess water through 
a clean, dry cloth). After drying the samples for twenty four hours, carried out in an oven with air circulation, at 
105ºC ± 5, the dry mass Ms is weighed. For determination of water absorption, density and apparent porosity, 
the following equations are used: 
Water absorption (%w/w) = (saturated mass - dry mass) x 100 / dry mass 

Bulk density (g.cm-3) = dry mass / (saturated mass - immersed mass) 

Apparent void volume (%v/v) = (saturated mass - dry mass) x 100 / (saturated mass - immersed mass) 

Table 2 Physical properties of TRC specimens 

TREATMENTS 

 

Water absorption AA (WA) (%) Bulk density DA (BD) (g/cm3) Apparent void volume AVV (%) 

0.0% RCF 9.474 ± 1.501 1.744 ± 0.063 16.447 ± 2.016 

0.1% RCF 8.425 ± 0.794 1.814 ± 0.096 15.225 ± 0.835 

0.3% RCF 6.423 ± 0.370 1.815 ± 0.054 11.662± 0.865 

0.5% RCF 6.145 ± 0.432 1.832 ± 0.077 11.265 ± 0.932 

Figure 4 shows that water absorption (%) decreasing with increasing bulk density.Bulk density of  0.1% RCF 
and 0.3% RCF specimens were not showing significant difference.  

 
Figure 4 Water absorption(%) vs Bulk density(g/cm3) 

Microstructural Analysis 

The fracture surface of the RCFRC samples after mechanical test was observed under a scanning electron 
microscope (JSM-6460) as shown in Figure 5. Clearly, carbon fibers were well distributed in the cement matrix 
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as seen in Figure 5. Figure 5 supplies another SEM image of the fracture surface of a RCFRC sample of 
good fiber dispersion. Clearly, both the bending strength and the tensile strength increase with the increasing 
fiber content as shown in Figure 5. Good fiber dispersion is not only beneficial to the mechanical properties of 
the composites, but to the electrical conductivity owing to the formation of conductive networks caused by the 
contact of carbon fibers one another [11]. Good dispersion of carbon fibers is not only beneficial to the 
mechanical properties but also to the electrical performances owing to the possible contact of carbon fibers 
one another, whereas the poor dispersion may exert negative influences on the mechanical and electrical 
properties of the composites. It is known that the rupture of the composites is closely related with the 
development of micro-cracks inside it. Adding carbon fibers into cement can stop the free expansion of cracks, 
which not enhances the compressive strength. So, it is essential for uniform dispersion of carbon fibers to 
achieve homogenized RCFRC composites [12,13]. 

  

Figure 5 Microstructural analysis of fractured specimen 

Mechanical Properties: 

Figure 6 shows stress-strain curve. The flexural strength as a function of fiber mass fractions when carbon 
fibers are well dispersed in the cement matrix. Obviously, the flexural strength increased linearly with the 
increasing of mass fractions of carbon fibers. This is because carbon fibers have the function of strengthening 
and toughening, namely, reinforcement, which can prevent the formation and propagation of micro cracks in 
the cement matrix. 

In Figure 7, the effect of carbon fibres on the tensile strength of concrete can be seen from stress-strain curve. 
The increased carbon fibres increased the tensile strength. For example, the 14 days tensile strength for 
Mixture M1 (0% carbon fibres), Mixture M2 (0.1% carbon fibres), Mixture M3 (0.3% carbon fibres) and Mixture 
M4 (0.5% carbon fibres) was 394.61N, 431.72 N, 490.47 N and 595.18N respectively.The increase in the 
tensile strength of concrete occurred because the increased percentage of carbon fibres reduced the crack 
growth and thus resulted in the failure at a higher load. Furthermore, the brittleness decreased significantly 
with the higher amount of carbon fibres, as noticed from the failure mode of the concrete specimens.  

Figure 8 and 9 shows carbon fibers are not well dispersed in the cement matrix, the compressive strength 
decreases with the increasing fiber contents gradually. However, the strength does not always keep increasing 
as the fiber content rises. When carbon fibers are used in excessive amount (over 0.5 wt% by mass of cement 
in this work), they are likely to fasciculate.  
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Figure 6 Standars force vs Spesific 
deformation(mm) 

 
Figure 7 Tensile stress(MPa) vs Strain(%) 
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Figure 8 Standard Force (N) vs  
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Figure 9 Compression strength v Fiber  

content (%) 

CONCLUSION 

 The mechanical properties of the RCFRC composites increase with the increasing fiber contents.The 
compressive strength has been decreased by addition with fiber. 

 Recycled Carbon fibres increased the tensile strength because they bridged the crack opening and thus 
contributed to take additional load until failure. 

 Scanning electron micrographs of the fractured concrete specimens revealed that recycled carbon fibres 
were distributed in FRC. However, many carbon fibres came very close to each other and the congestion 
of fibres occurred for the concretes with high fibre content 

 From physical tests confirmed that WA(%) are decreased when Bulk densities of FRC are increased. 
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Abstract  

The developing nanotechnology is getting increased attention through wide range of industries. A variety of 
nanofibers (mostly polymer-based) can be made for applications in many research and industrial branches as 
well as civil engineering. One of our aims is to find out more about application of nanofibers in civil engineering. 
The possible uses of these electrospun nanofibers are promising as the surface protective layers. In these 
sense, there is a great potential for utilizing of nanofibers in civil engineering. Since the silica compounds play 
a fundamental role in materials applied in civil engineering, we studied the basic properties of silica-based 
nanofibers. We measured their biocidal properties against fungi and contact angles between SiO2 nanofibers 
and water. The biocidal properties of SiO2 nanofibers against fungi were evaluated by laboratory test as a 
percentage of the surface coverage of the fibers by fungi. Aspergillus niger was used as a model organism. 

Keywords: Silicon oxide nanofibers, hydrophobicity, biocidal properties 

1. INTRODUCTION  

The industrial use of nanotextiles in civil engineering is still in its infancy. Nanofibers have a nanometers size 
and are optimized in terms of their functional properties by nanotextile coatings, i.e. can be hydrophobic, dirt-
repellent, abrasion proof, antibacterial or antifungal [1,2,3]. The construction industry (mainly reconstruction of 
historical buildings) has been seen as potential area where nanotextiles could be used [4,5]. Silicon oxide is a 
chemically stable material, which can effectively protect heritage from environmental damage. Water, fungi 
and dust can be isolated by the nanofiber structure while moistures content of materials can pass through the 
nanotextiles and materials can breathe [6]. These conditions can keep a favorable environment for the 
historical buildings. Choosing the most appropriate treatment for a historical building requires careful decision 
making about using of appropriate material for renovation. Using of nanotextiles should be minimal 
modifications to the historic appearance and protect from negative influences. 

The roughness of the surface is related to the material’s contact areas that interact with its environment. 
Decreasing the roughness of a surface in the micro or nano dimension can prevent dirty particles from catching. 
Application of nanotextiles on the surface of materials can improve the surface finish (i.e. decreasing of 
roughness, hydrophobicity). Hydrophobic surfaces have a contact angle of more than 90° and promote the 
formation of droplets, which can wash off dirty particles from surface [7,8]. Dirt-repellent and hydrophobic 
properties can even be created artificially by means of coatings or special structures (nanotextiles). The 
development of water repelling surface can markedly reduce and limit degradation processes of building 
construction. Water spreads over the surface and removes the dirty particles and dust. 

Silicon oxide nanofibers were produced by a combination of an electrospinning technique and the so-gel 
method [9]. The polymer solution was prepared by the sol-gel method using tetraethoxysilane (TEOS), acid, 
H2O and the isopropyl alcohol (solvent) [10]. Prepared polymer solution was used for the production of silicon 
oxide nanofibers by electrospinning used Nanospider device in TUL [11,12]. The electrospun samples 
afterwards were put in a furnace and were heat-stabilized at 180°C for 2 hours.  
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2. CONTACT ANGLES MEASUREMENTS  

One of the most important parameters, required for nanotextiles in civil engineering applications, is their 
hydrophobicity. There are different methods to measure the hydrophobic properties of a material. The degree 
of wettability can be evaluated by a contact angle of a water droplet on the surface of the material.  

Wetting angle reflects microscopic behaviour of the system. Its real value can be related to structural properties 
of thin film. One of the parameters characterizing the surfaces of materials is the surface free energy. The 
most common way to determine its value is to measure the surface tension by the drop method [13]. Wettability 
studies usually comprise the measurement of contact angles as the primary data, which indicate the degree 
of wetting when a solid and liquid interact. Small contact angles (<90°) correspond to high wettability, while 
large contact angles (˃90°) correspond to low wettability [14]. 

The contact angles for a drop of distilled water on electrospun nanotextiles were measured using a contact 
angle set up at room temperature. A single drop of 5 μl distilled water was dropped on the surface of a flat 
sample (thin film of silicon oxide nanofibers) using a syringe and image captured after the water droplet became 
stable on the surface. In this case a contact angle between the surface and the edge of droplets of liquids is 
measured. This process was repeated several times on samples S1 (11.9 gsm), S2 (19.8 gsm) and S3 (34.2 
gsm). The web thickness is expressed in grams per square meter, or gms.  Often referred to as basis weight, 
this measure indicates the thickness of the nanofiber web. The contact angles were measured optically using 
3 different devices and then were calculated using 3 drop-shape analysis methods. 

2.1. Drop Shape Analysis System 

The surface contact angles were firstly measured on a Drop Shape Analysis System (DSA30) (KRUSS, 
Germany). Droplets of the distilled water were automatically placed onto the sample with a syringe during the 
experiment. A picture of the drop was captured after the drop set onto the sample. The interface between drop 
and surface of the sample (base line) are manually determined for analysing contact angle and the software 
detects the drop shape. The contact angles were calculated by the software through analyse the shape of the 
drop. The contact angle θ was an average of 5 measurements.   

 
Figure 1 Contact angles as a function of web area weight of silicon oxide nanofibers measuring by DSA30 

The surface wetting analysis using contact angle measurements demonstrated dependence of hydrophobicity 
on web area weight (gsm) of silicone oxide nanotextiles. The contact angle between the edge of a 5 μl droplet 
of distilled water and the surface of different thickness of silicone oxide nanotextiles was measured to be 
around 125° (Figure 1). Samples of silicon oxide nanotextiles are hydrophobic. 
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2.2. SEE System  

The measurements of the contact angle of water were carried out applying device for evaluation of surface 
energy SEE SYSTEM - Surface Energy Evaluation System Instrumentation. The droplet application onto the 
planar solid sample was done using a micropipette. The droplet volume was equal to 5 μl. Deposited drop is 
recorded by camera immediately after its placing on the sample and it is displayed on the PC monitor. Further 
it is utilized using SEE software. Analysis of droplets was realized by detection of 2 points on interface liquid-
solid matter and 1 point on drop outline. Contact angle is determined by circular interpolation. To obtain 
statistically relevant data, the contact angle was averaged from six independent measurements (Figure 2). 

 
Figure 2 Contact angles as a function of web area weight of silicon oxide nanofibers measuring by See 

System 

2.3. CAMTIA 

In order to obtain mutual comparable results of the contact angles, we used a special optical set enabling the 
direct optical reading of the contact angle sizes. The principle of the method rests in photographing of the 
droplet outline illuminated by a backlight flow. The source of the flux was an optical reflector. To ensure 
satisfactory parameters of the flow, the light was restricted by a circular aperture and convex lens. The sample 
was placed in the middle of the set. Small droplets (5 μl) of the test liquid (distilled water) were manually placed 
using a micropipette on the surface of the samples. The digital single lens reflex camera (DSLR) was placed 
on the opposite side of the light source. The outline of the droplet illuminated by the backlight flush was 
recorded and then evaluated using SW CAMTIA (http://mech.fsv.cvut.cz/~nezerka/software.html). Six 
measurements were performed for each sample (Figure 3). The optical set is illustrated in the Figure 4. 

 
Figure 3 Contact angles as a function of web area weight of silicon oxide nanofibers measuring by Camtia 
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Figure 4 Experimental device for measuring contact angle 

The measurement results are summarized in Table 1, the contact angles are averaged. Samples of silicon 
oxide nanotextiles measured by three different methods are hydrophobic. 

Table 1 Results of different tools for direct measurements of contact angles on sessile drops 

Sample Basis weight (gsm) Contact angles (°) (standart deviation) 

DSA 30 See System Camtia 

S1 11.9 124.2±7.5 125.4±3.9 108.6±6.8 

S2 19.8 125.7±11.1 128.6±3.3 116.4±7.3 

S3 34.2 127.5±5.1 107.8±2.2 109.6±7.6 

3. ANTIFUNGAL ACTIVITY 

The resistance of building materials to micro-organisms is one of their monitored properties. It is used to be 
tested the resistance to bacteria, mould and fungi. This paper deals with the resistance of the SiO2 nanofibers 
to fungi. Fungi are complex organisms with slow growth rate. The antifungal activity of silicone oxide 
nanotextiles was tested against a model organism (Aspergillus niger) under laboratory conditions. Czapek-dox 
agar (20ml) was inoculated with Aspergillus niger (300 μl) and poured in petri dishes. The fungal spore 
suspension was grown in the dish for 24 hours. Afterwards, the round samples (diameter 25 mm) of 
nanotextiles were placed over the inoculated agar in petri dishes. Each sample was prepared in five replicates 
of samples S1 (11.9 gsm), S2 (19.8 gsm) and S3 (34.2 gsm). Samples were cultivated at temperature 23 ± 
3 °C in dark. The experiment was evaluated as antifungal activity nanofibers visually after 14 days. The growth 
and development of mould mycelium on the dish and surface of samples of silicone oxide nanotextiles was 
monitored during the time of experiment. An example of the obtained results of dish with and without the 
sample of SiO2 nanofibers is shown in the Figure 5. The fungal presence and growth were visible to the naked 
eyes. Experimental results indicated that the pure silicon oxide nanofibers have no antifungal activity.  
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a)        b)  

Figure 5 Resulting image of fungi growth on nanotextile sample estimated after 14 days of incubation; a) 
sample without silicone oxide nanotextiles, b) sample with silicone oxide nanotextiles (sample S3; circle with 

diameter 25 mm placed into the centre of dish)  

4. CONCLUSION 

The aim of the presented research was to determine the antifungal activity and hydrophobicity of silicon oxide 
nanofibers. Experimental results of fungi growth on silicon oxide nanotextiles demonstrated no influence on 
the antifungal properties of the tested samples. The contact angle results of the three methods show the same 
hydrophobic behavior of the samples. Nanofibers provided good water protection without significant change in 
moisture vapor transport properties [15]. These preliminary results indicate that silicone oxide nanofibers could 
potentially be used as protective layer of construction materials. Hydrophobicity of construction materials can 
be improved with silicon oxide nanofibers. To obtain also antifungal properties, the protected layers using 
silicon oxide nanofibers have to be modified using more sophisticated procedures.  
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Abstract 

Sustainable development is still in the focus of researchers. One of the most important problems to be solved 
is the fate of waste. In the case of polymer technology, one solution could be the application of compostable 
polymers, like poly(lactic-acid) (PLA). These materials are often comingled with other components, which 
widens their applicability. In this case, after composting, residual materials can remain, which damage the 
environment. One solution for this problem is to apply additives and reinforcing materials from natural 
resources. On the other hand, nowadays several types of nano and micro reinforcing materials are used in 
polymer composite applications. Besides the generally applied micro-sized reinforcements, nanosized 
materials may have a good complementary effect on the properties of the composites. In this study, we 
investigated the effects of basalt fibre as a natural resource-based micro fibre and untreated natural 
montmorillonite as a natural nanoparticle on the mechanical and morphological properties of PLA.  

Keywords: Poly(lactic-acid), hybrid composite, basalt fibre, montmorillonite 

1. INTRODUCTION 

Due to the low level of crude petroleum reserves in the world and to the already high environmental pollution, 
environmentally friendly, sustainable materials and processing technologies are becoming increasingly 
popular, so more and more researchers are involved in the development of bio-composites by using materials 
made from renewable resources such as biopolymers, natural nano- and micrometer reinforcements. As the 
amount of plastic products that reach the end of their lifecycle is increasing, different international organizations 
have taken legal steps to start putting petroleum-based plastics out of the daily routine and more and more 
countries are beginning to encourage companies to use a polymer made from renewable resources, since 
polymers / reinforcements that can be found in nature or can be produced from natural materials also have 
excellent properties. The most widely-researched and used biopolymer nowadays is polylactic acid (PLA), 
which is a thermoplastic aliphatic polyester produced by the polycondensation of L-lactic acid monomers 
synthesized from glucose, found in starch or sugar cane, or by lactide ring-opening polymerization. Although 
it is a semi-crystalline polymer, if processed by conventional melt-state processing technologies, it results in 
an almost completely transparent, amorphous product. Its mechanical properties are similar to some 
thermoplastic mass-polymers (e.g. PET, PS): its tensile strength is 60-65 MPa and its Young’s modulus is 3 
GPa. In addition, it has small tolerance to deformation (elongation at break is only 2-5%), so it is a rigid material 
that can be made more flexible with plasticizers. Its slow crystallisation is also a disadvantage; a high 
crystallisation rate can be achieved only by slow cooling from melt state (<1 °C / min) or with nucleating agents. 
This is important because with a higher crystallisation rate, the material’s heat deflection temperature can be 
twice as high as the amorphous PLA‘s at 50-60 °C. Post-processing shrinkage is low, therefore the shape of 
the product does not change in the case of low packing pressure by injection moulding [1-4]. 

The mechanical and thermal properties of PLA can be greatly influenced with various reinforcements and 
additives. Such a reinforcing fibre is basalt fibre produced from basaltic rock by rapid cooling. Nowadays it is 
gaining more and more attention due to its good mechanical properties, such as high elongation at break, 
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strength and Young’s modulus. In addition, it has good thermal and chemical resistance, it is a good thermal, 
sound and an excellent electrical insulator and is weather-resistant. Its thermal stability provides good 
processability in a wide temperature range (-200 to 600-800 °C) without significant degradation. Due to the 
above-mentioned properties and its low price, it is a good reinforcing material that can be added to 
biodegradable aliphatic polyesters (e.g. PLA) to provide a green composite material with good properties  
[5,6]. 

As it was mentioned above, one way to increase the crystallisation rate of PLA is adding nucleating agents. It 
is therefore necessary to add some minerals, which also function as a nucleating agent. Although the beneficial 
effects of minerals on the polymer have been known for many years, studies with layered silicates such as 
nanoscale reinforcements have only started recently. Among nanoparticles, montmorillonite (MMT) is one that 
is based on natural resources. Based on the results of previous research, it can be seen that only 1-5 wt% 
MMT can significantly improve the mechanical properties of the polymer matrix. This phenomenon can be 
explained with two concurrent effects of the MMT. One is its direct reinforcing effect. The second is that the 
MMT acts as a nucleating agent, therefore the crystalline properties of the polymer are changed, which results 
in favourable mechanical properties [7-9]. 

The aim of the present study is to develop a biocomposite material - with a polylactic acid matrix - that can be 
produced entirely from natural-based materials. For this purpose, basalt fibre and montmorillonite were chosen 
as reinforcing materials. MMT was untreated so that it would be more environmentally friendly. Our aim is also 
to improve the properties of polylactic acid and to investigate how the shear force of microfibres dispersed the 
montmorillonite during the production of the composite materials.  

2. MATERIALS AND METHODS 

IngeoTM 8052D type polylactic acid (PLA) from NatureWorks LLC was used as matrix material. KV02 type 
basalt fibre (BF) supplied by Kamenny Vek GmbH was used as micro-sized reinforcement and Cloisite 116 
type montmorillonite (MMT) from BYK-Chemie GmbH was used as nano-sized reinforcement. A Collin Teach-
Line ZK25T twin-screw extruder was used for continuous melt mixing. First pure PLA was extruded as 
reference material, then PLA reinforced with basalt fibre (PLA+BF, 70-30 wt.%). Then we made hybrid 
composites by adding 1, 2 and 3 wt.% montmorillonite (PLA+BF+1MMT, PLA+BF+2MMT, PLA+BF+3MMT) to 
the PLA+BF. Screw speed was set to be 10 1 / min in the case of PLA and 25 1 / min in the case of the other 
compounds and the extrusion temperature was 170 °C. The dried PLA granulates (80 °C; 4 h) were 
mechanically mixed with the reinforcing materials, then extruded and granulated (particle size: 4 mm). 
Dumbbell type specimens (with a cross section of 4 mm x 10 mm) were injection moulded on a Demag IntElect 
50 / 330-100 injection moulding machine. 

Before the mechanical tests, the specimens were analyzed with a differential scanning calorimeter (DSC). The 
measurements were made in a N2 atmosphere (50 ml / min). The heating rate was 5 °C / min. The heat of 
fusion (ΔHf) of 100% crystalline PLA is 93.1 J / g [10].Tensile tests were performed on a Zwick Z005 universal 
testing machine according to EN ISO 527. Test speed was 5 mm / min in the case of PLA and 2 mm / min in 
the case of the composite materials. The tensile moduli were determined in the strain range of 0.1…0.5 %; the 
gauge length was 110 mm. For the determination of plastic deformation at different loads, a special cyclic 
tensile test was also performed on this machine, according to a previous publication [11] (Figure 1 a). The 
relaxation time was set to be 30 s and the load was increased by 100 N in each cycle. The machine was used 
in force-controlled mode, the up and the down load speed was set to 100 N / s. After the tensile tests, the 
surface of the broken specimens was analysed by scanning electron microscopy (SEM) with a JEOL JSM-
6380 LA device. SEM samples were coated with a thin Au layer to provide proper conductivity and to eliminate 
overcharging. 
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3. RESULTS AND DISCUSSION 

3.1. Tensile characteristics 

The tensile strengths, tensile moduli and elongation at break values of the materials are tabulated in Table 1. 
The addition of basalt fibre increased the strength properties of PLA, but the addition of montmorillonite 
decreased it. The addition of montmorillonite did not change the tensile moduli significantly for hybrid 
composites containing 1 and 2 wt.% MMT but decreased for the composite containing 3 wt.% MMT. Elongation 
at break decreased slightly when montmorillonite was incorporated. 

Table 1 Tensile properties of PLA hybrid composites 

Materials Tensile strength [MPa] Young's modulus [MPa] Elongation at break [%] 

PLA 60.0 ± 0.6 3002 ± 13 4.4 ± 0.5 
PLA+BF 103.8 ± 1.6 7199 ± 143 2.4 ± 0.1 

PLA+BF+1MMT 96.7 ± 1.2 7046 ± 55 2.3 ± 0.1 
PLA+BF+2MMT 96.9 ± 0.6 7135 ± 62 2.2 ± 0.1 
PLA+BF+3MMT 91.1 ± 0.7 6844 ± 92 2.1 ± 0.1 

Figure 1 b shows plastic deformation as a function of cycles after a relaxation time of 30 s (ε30s). It can be 
concluded that the presence of basalt fibre caused a notable decrement in plastic deformation. Moreover, 
when 1 wt.% MMT was present, further decrement was observed between 10 and 20 cycles (i.e. ~ 25-50 
MPa). It means that this material behaves more elastically in the range used. 

 
 a) b) 

Figure 1 Determination of plastic deformation at increasing load levels. a) Strain-stress curves for cyclic 
loading; b) plastic deformation as a function of cycles after 30 s relaxation time (ε30s) 

3.2. Scanning electron microscopy 

Figure 2 shows the fracture surfaces of the tensile tested materials scanned with an electron microscope at a 
magnification of 2500x. In the case of the neat matrix (Figure 2 a), the fracture surface is relatively flat, which 
reflects the relatively rigid behaviour that was observed in the case of the tensile tests. For the basalt fibre 
reinforced PLA (Figure 2 b), it is clearly visible that the fibre has great adhesion with the PLA matrix, which 
causes improvements in mechanical properties. This is also true for the hybrid composites (Figure 2 c, d, e). 
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For the composite containing 1 wt.% nanoparticles, the aggregation of nanoparticles inside the polymer is not 
significant as there was no aggregate found on the fracture surface. This means that the dispersion of the 
nanoparticles is at a good level and explains the significant decrement in plastic deformation. In the case of 
composites containing 2 and 3 wt.% MMT (Figures 2 c and d), aggregates are present, which caused a 
significant decrement in mechanical properties. 

 
 a) b) 

 
 c) d) e) 

Figure 2 a SEM picture of a) pure poly(lactic-acid); b) basalt fibre reinforced poly(lactic-acid); basalt fibre 
reinforced materials containing c) 1 wt.% d) 2 wt.% e) 3 wt.% montmorillonite 

3.3. DSC analysis 

We were curious about the effects of the reinforcements on the morphology of the compounds, so the samples 
were analysed with a differential scanning calorimeter. Table 2 tabulates the main results for each sample. 
The glass transition temperature (Tg), cold crystallisation temperature (Tcc), crystalline melting temperature 
(Tm1 for α’ and Tm2 for α crystalline form) and crystalline rate after cold crystallisation (X) were analysed and 
compared in the case of each material. Crystallinity can be determined based on the following equation (1): 

푋 =  ∆
∆  ∙ ( )

 ∙ 100 [%]    (1) 

where ΔHm is the measured heat of fusion, ΔHf  is the heat fusion of 100% crystalline PLA and m is the mass 
ratio of the additives. 

Table 2 DSC results of the injection moulded samples 

Material Tg [°C] Tcc [°C] Tm1 [°C] Tm2 [°C] X [%] 

PLA 59.0 109.9 148.4 154.7 32.0 

PLA+BF 59.2 108.8 147.3 154.3 32.2 

PLA+BF+1MMT 59.1 109.0 147.6 154.9 34.4 

PLA+BF+2MMT 58.6 107.2 147.0 154.8 35.7 

PLA+BF+3MMT 58.5 108.7 147.2 154.9 38.9 
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The presence of the basalt fibre did not change the glass transition temperature but it slightly decreased when 
the amount of MMT was increased. For the cold crystallisation temperature, the presence of the fillers resulted 
in lower peak temperatures. It can be explained with the increased thermal conductivity caused by the 
presence of the inorganic fillers. The first crystalline melting temperature (α’) decreased by 1 °C when 
reinforcing materials were present but the second temperature (α) did not change. It means that the presence 
of the fillers helped the α’ → α transition process. Crystallinity did not change when BF was added but 
increased when nanoparticles were added. Overall, MMT helps the formation of a more stable α crystalline 
type. This effect is well visible on the measured curves (Figure 3). As filler content increases, the first peak 
becomes less dominant but the second peak becomes more dominant. 

 
Figure 3 DSC curves of the samples 

4. CONCLUSION 

In this research, PLA composites containing basalt fibre and montmorillonite were successfully prepared. The 
presence of the basalt fibres increased strength significantly. These improved properties slightly worsened 
when MMT nanoparticles were incorporated into the basalt fibre reinforced composites. The positive effects of 
the nanoparticles were reflected in reduced plastic deformation at the presence of 1 wt.% MMT. This 
phenomenon was not observed for higher MMT contents. The proper dispersion of the nanoparticles at 1 wt.% 
MMT content was confirmed by SEM. At higher MMT loading, aggregates were found on the fracture surfaces, 
which lead to impaired mechanical properties. The investigation of the morphological changes caused by the 
reinforcing materials revealed that the presence of basalt fibre and MMT helped the formation of the more 
stable α crystalline type. 
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STRENGTH AND ANTIFUNGAL CHARACTERISTICS OF VISCOSE CANVAS WITH ACRYLIC 
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KŘÍŽOVÁ Hana, WIENER Jakub  
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Abstract  

Preserving books for long-term is a challenging task and many methods have been used to prolong their 
lifespan. In this work, viscose fabric was used as the basis for an acrylic coating with two additives in the form 
of zinc oxide and dolomite nanoparticles. These two additives were added in order to create a canvas with 
higher resistance to acidic environments and higher biological resistance against fungi. The canvas has 
obtained new mechanical properties such as higher strength, and significant elongation changes depending 
on the amount of dolomite and also without worsening of abrasion. The canvas has been developed and tested 
specifically for use in libraries and archives in order to increase the lifespan of stored book collections. 

Keywords: Zinc oxide, dolomite, nanoparticles, canvas, strength, abrasion 

1. INTRODUCTION 

Bookbinding canvases are used in library collections and book archives as surface protection of books. They 
have to meet several requirements such as good strength, resistance to light, humidity, changes of 
temperature and various aging factors. [1] Water, biological factors (fungi, bacteria, insects etc.) and acidic 
environment (the acid-generating oxides in the air) form a deadly triad leading to fatal damage of books. [2] 
The base fabric of canvas is coated with polymer (frequently the various copolymers of acrylic acid). To 
eliminate the seepage of glue, the reverse side of fabric is laminated with starch or PVA. Other additives in 
bookbinding adhesive or canvas coating may improve their resistance, prolong lifespan and imbibe new useful 
properties to the protective surface of books. 

Long term effect of the acidic environment is extremely harmful for cellulosic materials like paper, cotton, and 
viscose. The acid hydrolysis of cellulose leads to rupture of its polymer chains and consequently the strength 
and durability of books decrease greatly. Calcined dolomite, MgO, CaO, ZnO, Ca(OH)2, Mg(OH)2, Zn(OH)2 
and hydrated dolomitic lime (calcium/magnesium hydroxide) are representative alkaline buffers. These 
chemicals have low water solubility and can react with acids to decrease the acidity of the fluids. In this study, 
we have used two additives namely dolomite (calcium magnesium carbonate, CaMg(CO3)2) and zinc oxide 
(ZnO) in the form of nanoparticles (NPs). Their addition to the acrylic coating was accompanied by thorough 
mixing to form a homogeneous suspension. These ingredients were expected to provide high resistance of 
canvas not only to acidic conditions, but also to increase resistance against fungi and bacteria [3]. High surface 
area of NPs added to the coating was expected to maximize their expected alkaline/buffering effects [4] and 
fungicide/antibiotic effects [5]). The complementary or synergistic effect of dolomite and zinc oxide in both 
properties were assumed [3] [6]. NPs were used to ensure particle sizes do not impair the abrasive properties 
of the surface coating (emery effect). 

In this study, the canvases coated with acrylic coating with and without dolomite and/or zinc oxide were 
prepared. The size and structure of NPs were investigated, and the mechanical properties of canvases were 
tested depending on the type and concentration of additive. Their antifungal effect was verified using a mixture 
of four fungi. 
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2. EXPERIMENTAL PART 

2.1. Material and chemicals used 

Viscose fabric with area weight of 156 g/m2 and fabric thickness of 0.25 mm; Acronal S 996 S - aqueous 
polymer dispersion based on ester of acrylic acid and styrene, viskosity 2 (Ns)/m2 (BASF SE, GE); granulated 
natural pink dolomite for agricultural use (Forestina, CZ); suspension No. 208 of zinc oxide NPs with 35 % of 
ZnO and about 20 % of dispergants (Bochemie, CZ); Petri dishes with rice agar (Biovendor, CZ); water 
suspension of four fungi with concentration 108 CFU/ml: Penicillium chrysogenum (CCM F-362), Aspergillus 
niger (CCM 8189) and with concentration 105 CFU/ml: Cladosporium sphaerospermum (CCM F-351), 
Chaetomium globosum (CCM 8156) (Czech Collection of Microorganisms, Masaryk University Brno, CZ). 

2.2. Preparation and verification of nanoparticles 

Commercial suspension of ZnO NPs was declared as water dispersion of pH 9.1 with NPs total diameter 11 ± 
6 nm, hydrodynamic diameter 40 nm and zeta potential -13 mV. Commercial pink dolomite for agricultural use 
was dosed into cartridges of ball mill with zirconia balls of 1 cm diameter. Ten milling cycles (each of 5 minutes) 
with cooling intervals was carried out at 800 rpm. The resulting particle size of dolomite was measured using 
the scanning electron microscope (SEM Vega 3 TESCAN, Brno, CZ). All NPs on the surface of canvas was 
scanned using the 3D digital multifunction microscope HIROX RH 2000 (MXB 2500REZ lens, diffuse adapter). 

2.3. Preparation of canvases with different coating 

The experimental canvases viscose fabric with only acrylic coating, viscose fabric with acrylic coating 
containing 3 wt. % of dolomite NPs, viscose fabric with acrylic coating containing 3 wt. % of ZnO NPs and 
viscose fabric with acrylic coating containing the mixture of both (1.5 wt. % + 1.5 wt.%) were prepared using a 
laboratory coating device. All canvases, including the comparative sample of viscose fabric without coating, 
were coated with 2 layers of coating and were thoroughly condensed at 140 °C for 2 minutes and dried at 
100 °C for 15 minutes. 

2.4. Measurement of mechanical properties I. (strength, elongation) 

The strength and elongation to break of canvases were measured according the standard ISO 1421:2016 [7] 
using the tensile testing machine TIRA test 2300. Samples of 5 x 30 cm were clamped in the pneumatic jaws 
with a clamping length of 20 cm. Strength test was carried at a cross-head speed of 100 mm/min at a 
temperature of 23 °C, each canvas with 10 valid measurements. Measurements of all samples were carried 
out in machine direction only.  

2.5. Measurement of mechanical properties II. (resistance to abrasion) 

The abrasion resistance of the canvas coated surface was tested according to the standard ISO 5470-2: 2003 
[8] using Martindale Abrasion and pilling tester device (James H. Heal and Co. Ltd. England). Four circular 
samples with a diameter of 37 mm from each canvas were clamped in holders of Martindale device together 
with the pad of foam material, each with a down pressure of 12 kPa. Face (coated) side of canvases has been 
tested with the speed of 1000 revolutions / 15 min. The testing was performed using special Martindale 
abrasive cloth SM 25 (James Heal, England), ISO 12947-1:1998 [9]. In accordance with the standard [8] the 
abrading face side of canvases was controlled and visually evaluated according to a standardized scale (grade 
0-5) in the following control points: 1600, 3200, 6400, 12800, 25600 and 51200 abrasive revolutions. Testing 
was stopped at 100 thousand abrasive revolutions. 
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2.6. Test of antifungal properties 

The antifungal properties of canvases were tested according the standard EN 14119:2003 [10]. Three samples 
of comparative fabric sample, canvas with acrylic coating containing different concentrations of ZnO NPs or 
dolomite NPs (0 - 10 wt. %), each with area of about 4 cm2, were placed on agar medium and inoculated with 
a suspension of four testing fungi. Incubation of the tested samples was conducted for 4 weeks at a 
temperature of 22 ± 3 °C. After the test, evaluation of antifungal properties was carried out based on visual 
assessment according to the rating system of standard [10] by determining degree of growth of fungi on the 
surface of samples (degree 0-5, it means from no microscopically visible growth to very intense growth 
covering all tested surface). 

2.7. Results and discussion 

NPs of dolomite obtained via ball mill are shown on Figure 1. SEM image of milled dolomite shows that their 
size ranged from hundreds of nanometers to several micrometers. Figure 2 shows the surface of the canvas 
containing both additives in the coating (canvas E) with various inclusions. Their size ranges from nanometers 
to micrometers. 

Table 2 Mechanical properties of viscose fabrics and canvases and summary of additives  

Sample Thickness 
[mm] 

Specific 
weight  
[g/m2] 

Additive in 
coating 

Concentration 
of additive  

[wt. %] 

Average 
strength  

[N] 

Average 
elongation 

[%] 

A 0.25 156 - - 441.5 15.7 

B 0.30 228 - - 442.6 14.7 

C 0.31 240 dolomite NPs 3 452.3 16.3 

D 0.30 228 zinc oxide NPs 3 464.7 15.2 

E 0.29 233 
dolomite NPs  

zinc oxide NPs 
1.5 
1.5 454.1 15.7 

Table 2, Figure 3 and Figure 4 contain the overview of mechanical properties of all samples detected on 
tensile testing machine by identifiers: A = comparative sample (viscose fabric without coating), B = viscose 
fabric with acrylic coating only, C = viscose fabric with 3 wt. % of dolomite NPs in acrylic coating, D = viscose 
fabric with 3 wt. % of ZnO NPs in acrylic coating and E = viscose fabric with 1.5 wt. % of dolomite and  
1.5 wt. % of ZnO NPs in acrylic coating.  

The pure acrylic coating (canvas B) penetrates the interfiber spaces and deforms together with the fabric under 
stress. In comparison to untreated fabric, the strength did not increase (Figure 3, B) and elongation even 
decreased (Figure 4, B). This may be due to individual fibers and segments of yarn are fixed and the binder 
cannot be stretched. Additives in the coating prevent the penetration of an acrylic polymer in interfiber spaces 
and coating with the additive remains on the surface of the fabric or yarn interspaces. This provides the fabric 
with coating containing additives (C, D, E) increased strength. The fabric and coating deform independently. It 
appears that addition of dolomite NPs in the coating leads to the most significant increase to canvas elongation 
(C), as seen in Figure 4. Since the additive prevents the penetration of the acrylic binder into the interior of 
the yarn, addition of additives to the coating practically does not change elongation of original fabric. The effect 
is more distinct with presence of larger particles. The larger particles of dolomite block the penetration of 
coating into the fibers more effectively and the elongation more significantly approaches the original values. 
As seen in Figure 3, most of the confidence intervals of experimental determinated strength to break are 
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overlapping. Statistically, the most significant difference was only between viscose and canvas containing  
3 wt. % of ZnO NPs in the coating (A and D). The reason could be the use of aqueous suspension of ZnO 
NPs, which brings an additional fluid into the coating paste. This fluidity must be eliminated using a thickener 
to achieve the correct technological viscosity of coating.  

  

Figure 1 Dolomite (SEM, 3000 x) Figure 2 Surface of canvas E (3D microscope, 500x) 

 

Figure 3 Strength to break of viscose fabrics and 
canvases 

Figure 4 Elongation to break of viscose fabrics and 
canvases 

The basic viscose fabric without coating completely wore out already at 5-8 thousand abrasion revolutions. 
Most of the samples of coated canvases survived the abrasion up to 100 thousand rpm with only moderate 
damage and no test sample with the coating was holey or strongly damaged (a change in the gloss as well as 
moderate disruption of coated layer evaluated by degree 3 according to the standard [8]). Canvas E contained 
a red pigment added to the coating and special Martindale abrasive cloth began to stain red at 60 - 70 thousand 
revolutions. It was clear that the first disruption of the surface acrylic layer started at this checkpoint. However, 
according to the standard, the main terminal checkpoint corresponds to 51200 rpm and at this point the coated 
surfaces of canvases were only very moderately damaged (degree 2 according the standard [8], i.e. moderate 
damage with change of gloss, cover coating damaged only slightly). The resistance to abrasion of the 
canvases B, C, D and E was evaluated as very good. 

25 
μm  
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Figure 5 
Top left: comparative sample without 

coating {5} 
Top right: canvas with acryle only {3} 
Down: canvas with 0.1 wt. % of ZnO 

NPs in coating {5} 

Figure 6 
Top: canvas with 1 wt. % of ZnO 

NPs in coating {3} 
Down: canvas with 2.5 wt. % of 

ZnO NPs in coating {2} 

Figure 7 
Top: canvas with 5 wt. % of 

ZnO NPs in coating {0} 
Down: canvas with 10 wt. % 

of ZnO NPs in coating {0} 

Figure 8  
Top: canvas with 0.1 wt. % of dolomite 

NPs in coating {4} 
Down: canvas with 1 wt. % of dolomite 

NPs in coating {2} 

Figure 9  
Top: canvas with 2 wt. % of 

dolomite NPs in coating {0/1} 
Down: canvas with 4 wt. % of 
dolomite NPs in coating {0/1} 

Figure 10  
Canvas with 1.5 wt. % of 

dolomite and 1.5 % of ZnO 
NPs in coating {2/3} 

 

Antifungal assays (Figures 5-10, evaluation degrees are in curly brackets) confirmed that the zinc compounds 
as well as dolomite have some antibiotic and antifungal potential respectively. Increased growth of fungi was 
observed repeatedly when very low concentration of ZnO NPs was used in suspension (Figure 5). It can be 
explained by the presence of dispersants in the suspension (nitrogen and phosphorus compounds) which act 
as a mold growth promoter, while the content of ZnO NPs is still very low and ineffective. When antifungal 
effects of each additive were tested separately, ZnO NPs stopped the growth of fungi on the surface of the 
canvas reliably at concentration of 5 wt. % (Figure 7). Dolomite NPs prevented their growth at concentrations 
of about 2 wt. % (Figure 9). When both additives were used in the coating, each at a concentration of 1.5%, 
they were sufficient to slightly suppress the growth of fungi on the surface of the coating (Figure 10). These 
samples were unlike the previous ones immersed in the fungi suspension before their cultivation on agar. 
Consequently, it is evident from Figure 10 that the molds only slightly grew on the coated surface, but they 
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continued to grow near the samples and below them. This didn´t confirm unambiguously the expected 
synergistic antifungal effect. Based on the tests, a ZnO NPs concentration of 2.5 % or higher, and a dolomite 
greater than 2 % by weight of the coating material are recommended for a reliable antifungal effect of the 
coated canvas.   

3. CONCLUSION 

The canvas with addition of dolomite and zinc oxide NPs in the coating was prepared to increase its resistance 
to acidic environments and against the action of fungi. The evaluation of the results didn´t confirm that the 
addition of both at the concentration of 1.5 wt. % was sufficient. Our recommended concentration for a reliable 
long-term antifungal effect of coated canvas is more than 2.5 % of ZnO NPs (in the form of a suspension) and 
more than 2 % of finely milled dolomite from the weight of the wet paste, when the dry matter content of acrylic 
paste is approximately 45-47 %. The strength was not significantly influenced by addition of both additives. 
Higher strength was observed when using a thickener in the coating with higher liquid content, when using 
ZnO NPs in the form of suspension. Increased elongation to break was observed in the canvas with 3 wt. % 
of dolomite in the coating. Simultaneously, the addition of both compounds to the coating in an amount up to 
3% didn´t worsen the resistance to abrasion. Finally, we affirm that the viscose canvas containing dolomite 
and ZnO NPs in the coating is suitable as bookbinding canvas for use in the book collections in libraries and 
archives. 
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Abstract  

The article deals with an experiment that was carried out on a test spinning device designed for the production 
of nanofibres by electrostatic spinning from a string. In the experiment, a spinning device was created in the 
form of a vertical stringed moving electrode. This was rewound between two coils and a polymer solution was 
continuously delivered to the electrode surface by a special dosing device. The intensity of the electric field 
and the distance of the Taylor cones. Nozzles from which emerging nanofibers travel to the collector, depend 
on the different cross sections of the strings used. The aim of the experiment was to find critical voltage for 
different strings. Critical voltage is one in which the spinning process starts. This value is very important as it 
creates a requirement for a minimum supply voltage. The work selects and points out to different cross-sections 
of the strings and the corresponding distance of the Taylor cones.  

Keywords: Taylor cones, spinning, electrostatic 

1. INTRODUCTION  

Nano fibres are textile fibres with a diameter of less than 1 micron. Due to their good properties these fibres 
are used especially in medical applications, filtration of bacteria, and also in the automotive industry as 
composite fillers [1]. Another large sector that uses nano fibres is the aerospace industry where carbon nano 
fibres are used to a greater extent as a composite filler. The nano fibres and materials are often designated as 
materials of the third millennium or also materials of the future. Nano fibres may be obtained using many 
techniques. They are most commonly produced by spinning of liquid polymers [2].  

The basic accessories necessary for realisation of the process of electrostatic spinning is a power supply 
source, spinning electrode, dosing device, a polymer solution and collector, on which the created fibres are 
caught [3].  

The principle of electrostatic spinning is based on the action of a strong electrostatic field on a suitable polymer 
solution. The voltage generated between two electrodes acts on the polymer, which is on the spinning 
electrode [4]. By action of high voltage, electrostatic forces are created, which pull the polymer toward the 
collector. The surface voltage acts in the opposite direction. As a result of the action of these forces, a change 
occurs in the surface structure of the polymer solution and creates Taylor cones [5]. This phenomenon occurs 
upon equalisation of the surface voltage of the polymer solution and the electrode voltage. If the surface voltage 
is exceeded, fibre jets [6] are emitted from the Taylor cone. These are stable near the Taylor cone, but are 
prone to bending instability with increasing distance. Polymer drops are emitted at the end of the fibre jets and 
elongated to form fibres. During the flying action of the fibre from the electrode toward the collector, the fibre 
is elongated and the thinner evaporates. Dry fibres are then collected on the collector. The elongation of the 
fibres results in reduction of their diameter [7]. 

The objective of the experiment was to ensure critical voltage for various strings. The critical voltage is such 
at which the spinning process starts and the Taylor cones are formed. This value is very important because it 
creates a requirement for a minimum source of voltage for realisation of the spinning process.  
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2. EQUIPMENT DESIGN  

The experimental equipment was designed for realisation of the tests of currently developed string spinning 
technology. Figure 1 shows the 3D model of the wire electrode. The principle is based on a vertical wire 
electrode, which is winded from reel 3 to reel 8. The drive of reel 8 is via stepping motor 9. The polymer solution 
is fed to the wire by dosing device 4. Due to reeling of the wire upwards, the polymer solution is evenly applied 
to the wire surface. DC high voltage is connected to wire 6. The nano fibre created on the electrode is stored 
on collector 5.  

The advantage of this solution is that the application of the solution to the wires does not require a sliding 
dosing device. It is therefore not necessary to have an additional drive and the structure is substantially simpler. 
An important advantage is also that the wire is not worn as applies to the known systems [8]. 

 
Figure 1 Model of the mobile string spinning electrode device 

3. EXPERIMENT 

Experiments were performed under the following conditions; temperature 21 ̊C, relative humidity 32 %, polymer 
dosing rate 20ml/h and string winding rate 5 mm/s. Positive voltage was connected to the electrode and 
negative voltage was connected to the collector, which was at a distance of 150 mm from the electrode. For 
the spinning process, a water-soluble polymer solution of polyvinyl alcohol (PVA) was used in a concentration 
of 14 wt%. Testing was done on two cross-sections of the string (star and ring) with two different diameters. 
On the star cross section of outer diameter 1.3mm and the round cross-section of diameters 1.3mm and 2mm. 
The string material used was co-polyamide PA 6/12, which is protected by an elastic layer [9]. 

The situation of the metering station is shown in Figure 2. For detailed monitoring of the spinning process, as 
well as for the purpose of determining the distance between the Taylor cones and the diameter of the polymer 
layer, the Olympus i-SPEED 3 1 high-speed camera was used. The spinning process was recorded at a speed 
of 2000 and 5000 shots per second with a resolution of 1280x1024, or 804x600 pixels. For this purpose, the 
high performance light source Olympus ILP-1 with a 120 W lamp with a colour temperature of 5600 K [8] was 
used. The light from this source was focused by means of an optic cable. Analysis of the acquired image was 
done using i-SPEED Suite software. It is possible on figure 8 to see the spinning device (detail a). The created 
fibre was captured on collector 4. Its creation was picked up by high-speed camera 1 and camera 2. The 
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voltage is fed to the collector and electrode via high-voltage cables from source 5. The dosing of the polymer 
solution was via a NEMESYS linear pump. 

 
Figure 2 Measuring station for mobile string spinning electrode device 

A further measurement task was ascertaining of the critical wavelength, which corresponds to the distance of 
the Taylor cones from which the nano fibres are created and that are located along the spinning string. The 
distance of the Taylor cones defines the productivity of the production of nano fibres [3]. The shorter the 
distance between the cones, the larger the number of cones on the string and the larger the volume of created 
nano fibres [1, 3]. Measurement was done for multiple types of strings and the impact of the string shape on 
this distance was assessed. Figure 3 shows an image of a high-speed camera that captures the positioning 
of the Taylor cones along the imaging section of the string, round cross-section of outer diameter 1.3 mm. The 
relevant wavelengths can be read from the image. This recording was done for three types of strings and their 
corresponding measured wavelengths are shown in Table 1.  

 
Figure 3 Distance of Taylor cones, star cross-section, outer diameter 1.3 mm 

Distance measurement was done in the environment of i-SPEED Viewer camera software using the Reticle 
function and the critical wavelengths were calculated using the relationship (1) and plotted in Table 1.  

λ = ∗             (1) 

λkr : critical wavelengths [mm], dst: string outer diameter, X: arithmetic mean of the distances between the 
Taylor cones, Ystring: thickness of string layer [mm]. 
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Table 1 Distance of Taylor cones and critical wavelength  

Cross-section types/ diameter [mm] Star 1.3 mm Circle 1.3 mm  Circle 2 mm 

Distance of Taylor cones [mm] 43 79 113 

Wavelength [mm] 3.73 6.85 10.27 

During the experiment, it was further found that at low voltage, the Taylor cones are formed only in the mid-
section of the spinning string length. The spinning zone increased with increasing voltage and there was also 
an increase in the number of Taylor cones. Upon stoppage of the string winding, there was a reversal of the 
spinning process in all the polymer solution and the spinning process stopped.  At high string winding speed, 
the polymer solution collected on the upper cassette, thus resulting in the formation of drops, which unevenly 
flowed on the string and caused spinning process instability. This phenomenon can be observed in Figure 4. 

From the course of the experiment, it is evident that the quality of the spinning process is to a large extent 
influenced by several factors. The main ones in this case are electric voltage on the string, polymer dosing and 
the speed of the string rewinding. Among these factors, it is advisable to find optimal values so as to achieve 
the desired state of the spinning process. This is where the field of further research opens for various 
modifications to the spinning process. 

 
Figure 4 Distance Taylor cones  

4. CONCLUSION 

From the results plotted in Table 1, it is clear that the smallest wavelength was measured at the string with 
star cross-section of diameter 1.3 mm, while the biggest was measured at the round string of diameter 2 mm. 
This finding shows that the shape of the string cross-section has a substantial effect on the critical wavelength. 
As a result of shorter wavelengths, a larger number of Taylor cones can be created along the full length of the 
string. A larger number of cones initiates a larger number of fabricated nanoparticles. It can be stated that use 
of a string with a star cross-section shall have a substantially high impact on the productivity of nanofibres. 
This ensures greater performance of the entire spinning process, which is generally one of the basic criteria 
for evaluating the process. 

It is furthermore apparent from the experiment that the process of nanofibers productivity on the string 
electrodes is substantially dependent on the set parameters of the spinning device, in particular the electrical 
voltage on the string, the speed of the string rewinding and the rate of dosing of the polymer solution. 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

228 

ACKNOWLEDGEMENTS   

This publication was written at the Technical University of Liberec as part of the project 21131 with 
the support of the Specific University Research Grant, as provided by the Ministry of Education, 

Youth and Sports of the Czech Republic in the year 2017. 

REFERENCES   
[1] D.H. RENEKER, A.L. YARIN, E.A. EVANS, W. KATAPHINAN, R. RANGKUPAN, W. LIU, S. Koombhongse, H. 

Xu (2001), Electrospinning and nanofibers, New frontiers in fiber science. 

[2] J. RŮŽIČKOVÁ (2006), Electrostatic spinning of nano fibres, Skriptum. ISBN 80-7372-066-3, TUL  
[3] MACDIARMID, A.G., JONES, W.E., NORRIS, I.D., GAO, J., JOHNSON A.T. JR., PINTO, N.J., HONE, J. , HAN, 

B., OKUZAKI, H., LLAGUNO, M. (2001). Electrostatically-generated nanofibers of electronic polymers, Synthetic 
Metals 119, 27-30. 

[4] JIN, H.-J., FRIDRIKH, S.V., RUTLEDGE, G.C., KAPLAN, D.L. (2002), Electrospinning Bombyx mori Silk with 

(Polyethylene oxide), Biomacromolecules 3 (6), 1233-1239. 

[5] TONKS, L. (1935). A Theory of Liquid Surface Rupture by a Uniform Electric Field, Phys. Rev. 48. 
[6] KOMAREK J., VALTERA J., SOUKUPOVA J., VYSLOUZILOVA L., SKRIVANEK J., ZABKA P., BERAN J., 

LUKAS. D. (2015), Verification of the mathematical model of the rod electrode in the electrospinning process, 
Nanocon 2015 

[7] VYSLOUŽILOVÁ, L. V. (2010), Needleless co-axial electrospinning. In: Nanofibers for the 3rd Millenium . North 
Carolina, USA. 

[8] LE VAN KHOA (2017), Analysis of the wire electrospinning, Thesis, Technical university in Liberec. 
[9] Struna žací, [Online], http://www.sekacky-online.cz/zaci-struna-profi-kulata-prumer-1-3-mm-a-delka-15-m/ 

 
 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

229 

DETERMINATION OF ORGANOCHLORINATED PESTICIDES BY ELECTROSPUN 
POLYETHERSULFONE NANOFIBRES 

ANTOŠ Vojtěch1, HRABÁK Pavel1, KEJZLAR Pavel1, LÍSKOVÁ Klára1 

1Technical University of Liberec, CxI, Liberec, Czech Republic, EU 
vojtech.antos@tul.cz  

Abstract  

There is an enormous scientific effort devoted to environmental problems solutions based on new and 
nanostructured materials. Our study follows this trend and contributes to the green analytical chemistry 
approach. Specifically, it further develops the idea of using nanofibrous sorbents for solid phase 
microextraction (SPME) as a green technique of pollutant determination.   

Nanofibres of polyethersulfone (PES) were successfully prepared by needle electrospinning and fixed on a 
steel wire SPME assmebly. The basic properties of the prepared nanofibres were determined by 
thermogravimetry (TGA) and scanning electron microscope (SEM). Analytical performance of prepared fibres 
was compared with common commercially available SPME fibre - 100 µm polydimethylsiloxane (PDMS) in the 
headspace SPME (HS-SPME) mode of gas chromatograph coupled with tandem mass spectrometer 
(GC/MSMS). Headspace solid phase microextraction (HS-SPME) is a modern analytical technique for sample 
introduction into gas chromatographic systems. The HS-SPME technique combines extractive sorption 
(enrichment) of targets to be quantified with ongoing thermal desorption and injection to the GC system.        

Obsolete organochlorinated pesticides (OCP) as HCH, DDT, chlordane, heptachlor, endosulfan, endrin and 
their transformation products were selected as model analytes in water matrix. With these pollutants, a set of 
experiments was conducted to proof the effect of key SPME method conditions: extraction time, extraction 
temperature and sample salinity on OCP MSMS response. PES-nanofibers based SPME assembly prototype 
comes out to be quite comparable with PDMS fibres under low-salinity conditions and it behaves as expected. 
Longer extraction times and higher extraction temperatures give higher OCP MSMS response. Even if PDMS 
fibre performed significantly better for HCH isomers under high salinity conditions, nanofibrous SPME 
geometry deserves further research as it brings promisingly sensitive OCP MSMS response. 

Keywords: Solid phase microextraction, organochlorinated pesticides, electrospun, nanofibres,  
        polyethersulfone, salting out, extraction time, extraction temperature 

INTRODUCTION 

SPME is modern analytical technique which is a fast, solvent-free alternative to conventional sample extraction 
methods [1]. This method combines extractive sorption of the targets analytes to be quantified with followed 
heat desorption and sample injection to the gas chromatographic systems. In the headspace solid phase 
extraction mode (HS-SPME), the analytes establish equilibrium among the sample matrix, the headspace 
above the sample and a polymer-coated fused fibre (the most common type of the fibres).  

Organochlorinated pesticides are routinely determined by measuring HS-SPME coupled with gas 
chromatography [2]. Also determination of organochlorinated pesticides are an object of material research, 
using graphene-coated, calix[4]arene and single-walled carbon nanotube fiber coating for SPME are reported 
[3,4,5]. Polyethersulfone nanofibers can be also used to removal of endocrine disruptors from water [6]. In 
these days, PES nanofibers had most used for production of special membranes [7,8]. Currently, there is no 
published article that investigate using polyethersulfone nanofibers as sorbent for analytical extraction.  
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In our study, the polyethersulfone (PES) has been selected as a suitable material for analytic extraction due 
to high thermal stability and mechanical resistance. Nanofibres were produced by needle electrospinning from 
prepared polymeric solution. Lab-made SPME fibres were prepared by a rotation of stainless SPME plunger 
inside the fresh stream of PES nanofibers. 

OCP were chosen as model pollutants for evaluation of sorption properties of prepared lab-made 
polyethersulfone SPME fibre and commercial 100 µm PDMS fibre. This compounds are synthetic pesticides 
widely used all over the world in the second half of 20th century. They belong to the group of chlorinated 
hydrocarbon derivatives, which had vast application in the chemical industry and in agriculture. They are also 
known for their high toxicity, slow degradation and bioaccumulation. There are several sites contaminated with 
OCP in the Czech republic. To study OCP environmental fate a fast, sensitive and green analytical technique 
needed. 

1. MATERIALS AND METHODS 

Lab-made SPME fibres were assembled from a stainless steel capillary and wire (Teseco). Plastic parts was 
printed by 3D-printer using RDG810 polymer (VeroClear). Polyethersulfone (Figure 1) was obtained from 
Sigma-Aldrich (3 mm granule, clear amber) and it was dissolved overnight in a mixture of 
dimethylformamide/tetrahydrofuran (Sigma-Aldrich) 80:20 into 30 % w/w solution.  

Prepared polymeric solution was pumped with flow 10 ml·h-1 into the needle of electrospinner. The collector 
electrode was subjected to 20 kV voltage. The relative humidity 45 - 55 % and temperature 25 °C was kept 
during electrospinning. Chromatographic standard EPA 8081 Pesticide Standard Mix (200 µg/ml in 
hexane:toluene 1:1) was supplied by Sigma-Aldrich. SPME commercial fibre - 100 µm PDMS was obtained 
from Supelco.   

 
Figure 1 Chemical structure of PES 

2. APPARATUS AND EQUIPMENTS 

Nanostructure surface of produced polyethersulfone nanofibres on lab-made SPME fibres was documented 
by SEM microscope (UHR FE-SEM Carl Zeiss ULTRA Plus) (Figure 2 and 3). Analytical performance of SPME 
fibres was tested with gas chromatograph (Thermo Trace 1310) equipped with a mass spectrometer triple 
quadrupole detector (Thermo TSQTM 8000 EVO) and a programmed temperature vaporizing injector (PTV). 
Automatic handling of prepared samples was done by an autosampler (CTC Analytics AG, PAL RTC), which 
was set to headspace operation mode (samples were agitated during fibre exposure).  

A gas chromatography column DB-5MS purchased from Agilent (30 m long, 0.25 µm thick and with 0.25 µm 
film thickness of stationary phase) was equipped. Temperature program of the chromatographic oven started 
at 70 °C, graduating by 15 °C per min. to 200 °C, held for 5 minutes, followed by graduating 8 °C per min. to 
320 °C, held for 5 minutes. The carrier gas (helium 5.0) flow was adjusted to 2 ml per min. During desorption 
step, PTV injector was hold at 220 °C in splitless mode for 1 minute, for cleaning phase the temperature was 
set to 250 °C and the flow of carrier gas to 30 ml per min. All of the SPME fibres were tested for different 
extraction (enrichment) time in the headspace of the measured samples. Enrichment times for all tested fibres 
were set to 5, 20, 40 and 70 minutes. For each enrichment time were tested 3 different extraction temperature: 
50, 70 and 90 °C with same speed of agitator (250 rpm). Temperature of ion source was set to 250 °C and 
transfer line to 200 °C.  
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For each tested fibre forty tap water samples spiked with chromatographic standard of organochlorinated 
pesticides (200 µg·ml-1) were prepared in 20 ml vials capped with PTFE/silicon septa and magnetic cap. 
Samples were prepared from 10 ml of water and additions of 0.2 µl mixture addition. For salting effect 
evaluation, 1 or 3 g of sodium chloride were added to selected samples. All measuring was done in duplicates. 
The retention times of all analytes were determined previously in the fullscan mode of MS detector. Based on 
this measurement, selected reaction monitoring (SRM) transitions were adjusted to improve detector sensitivity 
and selectivity for each of chosen analytes.  

3. RESULTS AND DISCUSSION 

Polyethersulfone nanofibers were were successfully prepared (Figure 2). The diameter of the prepared 
nanofibers was in range from 700 to 1400 nm, nevertheless SEM image and high specific surface by BET  
(32 m2·g-1) document a nanosized pores presence at fibres surface.  

  

Figure 2 Pictures by SEM microscope (UHR FE-SEM Carl Zeiss ULTRA Plus) of electrospun PES fibres 

The dependencies of MS detector response peak areas on the different enrichment time, temperature during 
agitation and additions of sodium chloride are shown in Figures 3 to 12. For foresight are obtained data (total 
measured 20 analytes) grouped together according to the relevance of the analyte. 
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Figures 3 - 4 Comparison of PES and PDMS fibre, GC/MS response after SPME injection  
(error bars at 1 σ, n = 2) 
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Figures 5 - 6 Comparison of PES and PDMS fibre, GC/MS response after SPME injection  
(error bars at 1 σ, n = 2) 

Obtained data indicate that lab-made fibre had higher response especially with longer enrichment time (at 
least 40 minutes) (Figure 3 - 6). It is also apparent, that effect of higher temperature during agitation had little 
effect on final sorption. Much more effective was the addition of sodium chloride. Even lower concentration 
showed significantly increase of measured analytes MSMS response. Commercial PDMS fibre had a better 
performance for HCH isomers when salting out effect was tested (Figure 7 and 8). 
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Figures 7 - 8 Comparison of PES and PDMS SPME fibre, GC/MS response after SPME injection  
(error bars at 1 σ, n = 2) 
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Figures 9 - 10 Comparison of PES and PDMS SPME fibre, GC/MS response after SPME injection 
 (error bars at 1 σ, n = 2) 
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Figures 11 - 12 Comparison of PES and PDMS SPME fibre, GC/MS response after SPME injection  
(error bars at 1 σ, n = 2) 

4. CONCLUSION 

The polyethersulfone nanofibers were successfully prepared by needle electrospinning. The surface structure 
analysis by scanning electron microscope (SEM) showed a high porosity surface with the diameter in range 
from 700 to 1400 nm of the prepared nanofibers. The specific surface at 32 m2·g-1 was determined. The 
concept of using polyethersulfone nanofibers as a nanostructured sorbent for analytical purpose has been 
proved as viable.  

The higher temperature of agitation had positive effect on the response of measured analytes. The temperature 
increase by 20°C resulted in the response increase of 5 to 15 % (sum of OCP). The combination of higher 
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temperature with longer enrichment time and higher temperature during agitation increased the response of 
about 50 %. The higher temperature of agitation was more effective during the measurement with PES fibre. 
This effect was not so strong in case of commercial fibre. 

The addition of sodium chloride to the samples had almost always positive effect to the measured response. 
This effect was most noticeable in case of HCH isomers analysed by PDMS fibre. Similar positive effect 
appeared during the measurement by lab-made PES fibre.  

The parameter of the enrichment time had significantly positive influence on the response of MS detector. For 
OCP, fibre saturation was not achieved or, in other words, the longer was the time of agitation, the higher the 
response. In contrast, sorption process seams to reach equilibrium in case at shorted agitation time.   

The commercial PDMS fibre had much better performance during measurement of HCH isomers. The biggest 
differences were observed under high salinity conditions, when the PDMS fibre had almost four times bigger 
response than the PES fibre. On the other hand, the PES fibre had better response during determination of 
DDT, DDE and DDD. In this case, the lab-made PES fibre showed of 100 % better response during all tested 
variables (enrichment time, temperature of agitation and salinity conditions).  

In conclusion, a highly porous surface of the prepared PES nanofibers seems to have higher sorption capacity 
for determination of OCP, than the commonly used thin PDMS polymeric film. However, PES nanofibers show 
wider data variability than PDMS fibres. Salinity conditions, enrichment time and agitation temperature must 
be well tuned to optimum values during method development, since they all contribute to the total fibre 
performance. Further obstacles for fast spreading of nanofibers in analytical chemistry can be seen in the 
problematic uniformity of nanofiber production (homogeneity) and the nanofibrous SPME possible shorter 
lifetime.    
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Abstract 

Wooden buildings are a traditional type of construction that has been gradually replaced by brick and 
monolithic technologies. The current trends lead up to use renewable materials even include different types of 
thermal insulations. The construction industry commonly use materials on a plant basis. If heat-humidity mode 
(in particular, increased humidity) is not balanced, suitable conditions for the growth of microorganisms are 
present. The common organisms occurring in/into natural based materials are mainly molds, bacteria, algae 
or wood decaying fungi. Biodegradability of plant based systems is a major drawback to using these materials 
in buildings. Given that condensation occurs in timber construction and materials from plant-based are 
susceptible to attacked by microorganisms, it is necessary to protect these materials. The paper deals with the 
possibility of protection of these insulation materials against mold using advanced nanotechnologies. The 
comparison of individual used measures is included. 

Keywords: Thermal insulation, mold, material moisture, humidity 

1. INTRODUCTION 

Ecological buildings and all environmentally friendly practices are becoming more and more popular and, 
consequently, natural building materials are frequently applied [1]. It has to be stressed out, however, that it is 
necessary to use heat-insulating materials to reduce the energy consumption in these type constructions. 
Today, as in the past, it is possible to choose heat-insulating materials with a natural basis [2]. 

These materials behave environmentally friendly, but in practice their application exhibits some disadvantages. 
One of them is their lifespan and the requirement for proper adherence to technological procedures. The 
serious problem is also the moisture and its condensation within the construction layer [3,4,5].  

Hemp may serve as a typical example of a natural-based material that is used as the thermal insulation of 
buildings [6]. The stems of cannabis plants are processed by various mechanical methods for fiber extraction 
[7]. The cutting process is controlled by the destruction of the stems of the plants so that the fiber can be 
separated from the wood core. This phase represents a barrier to wider use of flax and hemp fibers, both 
economically and in terms of fiber quality [8]. Problems caused by cutting include microbial contamination of 
the fiber, increased variability in fiber properties. The quality of the result of this activity depends on the actual 
weather at the time of processing. If fibers of useful quality could be obtained from raw cannabis, avoiding the 
problems caused by the need to tear stalks can be avoided. Additionally, young plants appear to be 
advantageous compared to the older ones. They achieve higher strengths and they are more durable overall 
[9]. The durability of hemp fibers against microorganism is related to their moisture. Excessive exposure to 
humidity may cause biological corrosion, i.e. degradation by bacteria, mold and wood decaying fungi acting 
on the surface of material. For this reason, the manufactured organic materials should be always separated 
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from the sources of moisture, and/or a possibility of rapid drying must be ensured when materials get wet. 
Problems with moisture in walls should not occur if the building is properly designed [10, 11]. 

This paper is focused on hemp fibers using in wooden construction as a thermal insulation. The principal aim 
is to find the types of fungi most commonly attacking these materials and to verify the use of nanostructures 
(silver nanoparticles) as a preventative protection against them. 

2. MATERIALS AND METHODS 

Presented study was taken on plant based building material - hemp. Material was selected as one of the most 
frequent using material of thermal insulation in wooden building structures. The pH value was measured before 
experiment. This feature was measured by potentiometric device (pH meter, Figure 1, Monokrystaly, Czech 
Republic).  

 

Figure 1 The used portable pH meter (Monokrystaly, Czech Republic) 

A part of the experiment was focused on the study of molds present in natural-based material used as thermal 
insulation. Square shaped samples (dimension 40 x 40 x 20 mm) were placed on nutrient agar (Czapek-dox 
agar, Oxoid, Czech Republic) and were cultivated under conditions suitable for mold growth (23 ± 3 °C) in dark 
for ten days. The natural grown mold on agar plate and inside materials samples were identified by methods 
hanging drop or native preparation by typical microscopic characters on optical microscope (Olympus BX41, 
160 - 400x magnification) to used identification keys [12]. 

 
Figure 2 Spectrum of a liquid solution with the silver nanoparticles (measured by Diomid Revenco, UCT) 
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Potential biocidal protection of thermal insulation was prepared in the form of silver nanoparticles. Those 
nanoparticles were prepared according to Turkevich Method for Ag Nanoparticles Synthesis [13, 14] by the 
following procedure. A solution of 1 ml of AgNO3 solution (approximately 250 g / l) was used after dilution to 
approximately 600 ml. A solution of 0.01 M sodium citrate (2.94 g / l) was also added in 10-fold quantity, ie. 60 
ml. The spectrum (Spectroquant Pharo 300, Merck) of a liquid solution with the nanoparticles is shown in 
Figure 2. The size of the obtained nanoparticles was about 50 nm. This solution was used as a biocidal 
protection for thermal insulation. 

The biocidal protection study was taken on square shaped samples of hemp fibers (see Figure 3) of sizes 
40 x 40 x 10 mm. One set of samples were dipped into above mentioned solution with silver nanoparticles and 
the second one was submerged in distilled water for one hour. Then the sample of thermal insulation together 
with 5 ml of suspension containing physiological saline solution and mold (Aspergillus niger as model 
organism) were placed into a bottle. The bottle has a magnetic stirrer and it is closed by BOD sensor (VELP 
Scientifica, Italy). Biochemical Oxygen Demand analysis is a chemical procedure for determining the amount 
of dissolved oxygen consumed by aerobic biological microorganisms in water. It is carried out on a given water 
sample at certain temperature over a specific period. The results are most commonly expressed in milligrams 
of oxygen consumed per liter of sample at a constant temperature of 20 °C for incubation period (BOD5), or 
during complete oxidation obtained after a maximum period of 30 days (BODultimate) Measurements were 
performed for 5 days. Device for BOD analysis is depicted in Figure 4. 

Biocidal properties of thermal insulation materials was evaluated as a respiration activity of microorganism in 
tested materials treated by solution with silver nanoparticles and distilled water. It was measured as 
a biochemical oxygen demand value.   

Figure 3 Detail of structure - hemp fibers Figure 4 Device for Biochemical Oxygen Demand 
analysis 

3. RESULTS 

The water leachate of materials was close to pH value 6. This value is suitable for growth of microorganism. 

Molds and microorganism covered the materials samples placed on Czapek Dox agar, they grew also inside 
materials. The most commonly identified molds from the surface of hemp thermal insulation samples were 
Alternaria sp., Aspergillus niger, Mucor sp. and Stachybotrys sp. Molds were identical on the surface and inside 
of the samples.  

Results of BOD analysis are represented in Figure 5. It is clearly seen that the samples treated with the 
nanoparticle solution had a lower biochemical oxygen demand throughout the experiment and that the increase 
was not as steep as in the case of physiological saline samples. The insulation was exposed to high humidity 
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nevertheless the silver solution has antifungal properties for first two days of experiment. Then its activity was 
changed to biocidal (Figure 5). Despite the fact that it should be 5 day incubation period (BOD5), the 
experiment was completed after the fourth day of measurement. All oxygen has been consumed. 

 

Figure 5 BOD value as a function of time during the thermal insulation test with and without treatment by the 
silver nanoparticles 

4. CONCLUSION 

Presented assay confirmed natural thermal insulation materials contain germs of mold and there is a possibility 
mold will be occurred and grown in the event of a disruption of the thermal moisture balance. For that reason, 
it is necessary to use natural materials properly, protect them against moisture, and thereby mold growth. The 
paper presented protection of hemp thermal insulation material by solution with silver nanoparticles. The 
results show that even in the presence of increased moisture there was a reduction of mold growth. The 
insulation was in the conditions that are not common in construction, nevertheless the silver solution has 
antifungal properties for first two days and after that, its activity was changed to biocidal. The reason for this is 
probably the creation of biofilm on the surface of nanoparticles during the second day of experiment.  

It should be pointed out, however, that the application of the solution to isolation in a larger amount of material 
will be probably not possible in practice due to financial reasons. This practical aspect will be solved in our 
future studies. 
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Abstract  

The paper deals with the analysis of the equipment for electrospinning from the free layer using wire spinneret. 
Simulations of the electrostatic field were performed by using the finite element method. Main part of 
simulations is focused on analyzing the influence of shape of wire on the distribution of electric field around 
the wire. The influence of design dimensions of spinning machine was observed as well. Next part of 
simulations deals with influence of the electric voltages among wire, collector and background. According to 
the simulations the experiments were done. Main part of the experiments was focused on measurement of 
critical electric voltages. The conclusion compares simulations to results of experiments. 

Keywords: Electric field, spinneret, wire 

1. INTRODUCTION 

This paper deals with simulations of the electrostatic field around the wire electrodes using several choice of 
construction parameters. The effect of the geometry and cross-section of the string on the intensity of its 
surface was monitored. Electrical intensity has a significant effect on electrospinning [1], [2]. Its size can affect 
the productivity of the process of production of nanofibers. Another point was the determination of the critical 
intensity, which is the intensity at which the first nanofibers begin to form. These values were simulated based 
on the values of the critical voltages obtained during the 
experiments. These voltages were experimentally 
obtained for every each type analyzed electrode. The 
influence of voltage between the electrode and the 
collector, the influence of the collector distance from the 
electrode and other influences of the construction 
parameters were simulated. These simulations are 
mentioned in the following chapters. Autodesk 
Simulation Mechanical software was used to simulate 
the electrostatic field using the finite element method. 

2. EXPERIMENT 

To determine the values of critical stresses, an 
experimental device for the production of nanofibres 
using a wire electrode was used. Figure 1 shows the 
scheme of the used device. The principle is based on a 
wired vertical electrode which is rewound from the spool 
3 on the spool 8. For motion for spool 8 is used a 
stepping motor 9. The polymer solution is supplied to the 
wire via the dispenser 4. Due to the upward winding of 
the wire, the polymer solution is uniformly applied to the 
surface of wire. A DC high voltage is connected to the 
wire 6. The nanofibres produced on the electrode are 

5 4 3 2 1 

9 8 7 6 

Figure 1 scheme of experimental device 
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deposited on the collector 5. The individual critical stresses for the respective strings were read out by the 
display of the measuring voltmeter. The creation of the first nanofibers was observed through the hi-speed 
camera and at that moment the voltage value was subtracted. These measurements were made for several 
strings and the average value was determined. The resulting values are shown in Table 1. 

3. SIMULATIONS 

3.1. Critical electric field 

For the critical stresses obtained from the experiments, simulations were performed, from which the values of 
the respective critical intensities were read. Figure 2 to Figure 4 show the results of simulation of the voltage 
distribution and the intensity of the electric field around of the circular string electrodes of the shapes described 
in the previous paragraph. The simulations were performed for the critical stresses associated with individual 
strings. The collector always has a voltage of -10 kV. The individual values of the critical voltages are written 
in Table 1. 

Table 1 critical electric field  

Shape of string Star Ø 1.3mm Circle Ø 1.3mm   Circle Ø 2mm 

Voltage - string elecrode U1 [kV] 22.25 23 26 

Voltage -  colector U2 [kV] -10 -10 -10 

Electric field [V/mm] 5971 5646 4690 

 

Figure 2 Results of simulation for star-shaped string, Ø 1.3mm 
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Figure 3 Results of simulation for circle-shaped string, Ø 1.3mm 

 
Figure 4 Results of simulation for circle-shaped string, Ø 2 mm 

3.2. Influence of polymer layer to electric field 

One of important factor influencing the electric field is also the layer of polymer solution on the surface of the 
string. With a constant dosing of the polymer and the faster unwinding of the string, the string is filled less and 
vice versa. This is reflected by the size of the layer or the diameter of the polymeric container. Simulations 
were made for a 1.3 mm diameter circular string with different diameters of the polymeric layer. These 
diameters of polymer layer were observed during experiments by hi-speed camera for each string. The results 
of simulations are shown in Table 2 and also processed in the graph in Figure 5 
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Table 2 critical electric field  

Diameter of string [mm] 1.3 

Voltage - string [kV] 23 

Voltage - collector [kV] -10 

Diameter of polymer layer [mm] 1.46 1.56 1.66 

Electric field  [V/mm] 6072 5764 5647 

 
Figure 5 influence of polymer layer to electric field 

3.3. Influence of distance between string electrode and collector 

The last simulation was focused to analyze the effect of the distance of the string from the collector to the value 
of electric field on the surface of the polymeric package. The collector distance is gradually changed from 
100mm to 250mm. The results of the analysis are given in Figure 6. 

 
Figure 6 influence of polymer layer to distance between string and collector 
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4. CONCLUSION 

The results show that the highest critical intensity is for a star-shaped string with a diameter of 1.3 millimeters. 
It is also important that this intensity value arises at a critical voltage of 22 kV, the lowest measured value of 
the critical voltage across all tested electrodes. From this it can be concluded that the best version of the 
spinning string is the string with a cross section of the star. It can also be concluded that using this type of 
string will be the highest productivity of the production of nanofibers. Further, it was found that the lower filling 
of the string with the polymer solution was higher on the surface of the string. This could also could be used 
to increased production of nanofibers. 
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Abstract  

Optical fiber based sensors are well established as superior to other (especially the electrically conductive) 
types of sensors within the same applications due to their: light weight, flexibility, sensitivity, large surface area, 
potential for multi-functionality and multiplexing, immunity to interference with electromagnetic fields, resilience 
to harsh environmental conditions as well as their safe and hazard-free use during biological interaction. Also, 
as the lightwaves can cross over cavities and gaps, there is no essential need for continuity in the structure; 
as it is required in electrically conductive materials. Nevertheless, silica glass - and many polymeric - optical 
fiber sensors have limited stretchability and fail at low strains; which is not suitable for applications that require 
higher mechanical compliance such as wearable and stretchable electronics. Therefore, this work investigates 
the possibilities for utilizing structural fibers (the building blocks of fibrous materials) and using them for light 
wave-guidance, with a study for the intensity modulation under external mechanical-strains. In particular, 
elastomeric fibers will be used; as they have a relatively high refractive index (thus, allows the total internal 
reflection of lightwaves), and high mechanical compliance with elastic stretchability up to 100%. The outcomes 
of this work should lead to novel sensory materials with high stretchability which are essential for many 
applications such as robotics and wearable devices.  

Keywords: Elastic fiber; light wave-guidance; optical fiber sensors; stretchable sensors; structural health  
        monitoring 

1. INTRODUCTION  

The elder population is expected to be doubled from 11% to 22% between the years 2000 and 2050 [1], which 
urges for developing more convenient and cost efficient long term health monitoring systems. Similarly, 
athletes need continuous monitoring for their vital parameters for more effective training programs. Therefore, 
the “portable monitoring devices” are proposed to be the current trending solution for these problems, 
especially if these monitoring devices are flexible with comfortable and unobtrusive characteristics that allow 
autonomous life of the patient and can be integrated in cloth. This created the new platforms for wearable 
computing and the desirable functional biomedical textiles.  

Optical fiber sensors (OFS) have a great potential to act as a very convenient method for monitoring the health 
and the vital activities of the body. The importance of OFS can be attributed to their: light weight, flexibility, 
sensitivity, multi-functional and multiplexing potentials, large surface area, resilience to harsh environmental 
conditions as well as their safe and hazard-free use. In their simplest forms, optical fibers consist of two 
concentric layers from materials that are named the core and the cladding (sometimes there is a third protective 
jacket that houses the internal materials), which have different refractive index: 

v
cnr               (1) 

Where c is the speed of light in vacuum, and v is the speed of light in the material.   
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Optical fibers transmit the lightwave from the source to the detector based on the total internal reflection 
principle (shown in Figure 1); where the lightwave is confined within the higher refractive index core (nco) of 
the fiber that is higher than the refractive index of the cladding (nco), as long as the incident beam hits their 
interface with an angle greater than the critical incident angle: 

)(sin 1

co

cl
c n

n            (2) 

 
Figure 1 The physical principle for lightwave confinement within the core of an optical fiber 

Optical fibers can be categorized according to their material which can be silica-glass based (GOF), or based 
on polymeric materials (POF). According to the refractive index profile across the radius of the fiber, optical 
fibers can also be classified as: step indexed fibers, where the interface between the core and the cladding is 
sharp and the refractive index that is constant within the core changes suddenly from this higher value to a 
lower value in the cladding. Gradient indexed fibers, on the other hand, having a fuzzy interface and the 
refractive index changes gradually between the core and the cladding that result in graded-index (GI) fibers 
with a continuous radial decrease in the refractive index, or the multistep-index (MI) fibers with a stepwise 
change in the values across the radius. The values of the refractive indecies of the core and cladding also 
define the numerical aperture (NA) of the fiber:  

22
clco nnNA             (3) 

This defines with the core's radius a [nm] the number of waveguides traveling through the fiber. For a lightwave 
with a wavelength λ [nm], the normalized frequency (V) can be defined as  


aNAV 2.

             (4) 

The number of propagating modes (N) within a fiber are given as:  

2

2VN              (5) 

Optical fibers are called single mode fibers when they are able to guide a single wave across their lengths, 
which occurs at V values below 2.405 [2], while the fiber can guide multiple waves (called multi-mode fibers) 
for normalized frequencies above this value and they are identified with a modal dispersion (where the time of 
traveling of each mode along the fiber is different). It can be observed that for a given setup of materials (i.e. 
known refractive index) and input source (i.e. known λ), the fiber can be single-mode or multi-mode according 
to the diameter (a) and the single-mode fibers dominate at smaller core diameters. 
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The intensity of the guided lightwave usually attenuates along the fiber and this attenuation coefficient α [dB 
km-1] is an important fiber property that can be affected with the absorption and dispersion from pollutants. The 
attenuation is greatly affected with the bending of the fiber which can be a deformation during manufacturing 
or localized pressure on the scale of the fiber's diameter (referred to as microbend)  or on a bigger scale such 
as that in loops with bigger radii of curvature (referred to as macrobend). Therefore, any local variation in the 
condition around the fiber embedded in a structure might lead to an observable change in the intensity of the 
lightwave guided based on the above mentioned total reflection. 

Optical fibers were successfully used in logging different parameters based on the strain monitoring such as: 
breathing pattern, lung volume and the assessment for the oxygen supply to tissues, cardiac and heartbeat 
rate, blood pressure, pressure on tissue, and loading of cutaneous tissue layers, shear stress in tissues. 
Similarly, the Bragg-Grating was implemented to sensitively measure the temperature. Based on the reflection 
principles, OFS were used also to monitor blood flow, perfusion of tissues, hemoglobin volume, and saturation 
of oxygen in tissue and arteries as well as the electrolyte (sweat, humidity, pH) balance  [2-6]. An overview of 
a possible application for utilizing the optical fibers (and other sensors) to record the human physiological 
parameters is shown in Figure 2. 

 

Figure 2 Multiple sensing elements for continuous monitoring of physiological and movement data [7] 

It is interesting to observe that most fibers used in textile and clothing manufacturing are having a relatively 
high refractive index, as shown in Table 1, which provides the “theoretical” conditions for total internal 
reflection. Most of these fibers, however, have a difference between the refractive index in their axial and radial 
directions which affects the light path and results in a short distance for carrying out the light signal, and 
impedes their use for light transfer.  

The aim of this study is to investigate the textile structural fibers as means for guiding the lightwaves, and 
analyze their response to external stimulants, particularly the mechanical strains, which should appear as a 
change of the intensity of the signal collected from these fibers.   

2. EXPERIMENTAL METHODS  

A home-built setup for carrying out the experiments was constructed based on an electronic circuit with a light 
emitting diode (a source) with adjustable light intensity and a photo-resistant (a receiver). Polymeric optical 
fiber was used to transmit the light between the source and the receiver as shown in Figure 3. The optical 
fiber was cut and a short length of the structural fibers was inserted for measurement as schematically 
demonstrated in the inset of Figure 3. The circuit was connected to a personal computer (PC) and a logging 
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of the light intensity signal was collected for the sample at different conditions. That is: samples without external 
loading, and samples under the application of periodic tension-compression loading. 

Table 1 The refractive index for some natural and synthetic fibers in two directions that are parallel and  
  perpendicular to the fiber’s axis [8] 

Fiber n|| n┴ 

Cotton 1.578 1.532 

Ramie and flax  1.596 1.528 

Viscose rayon  1.539 1.519 

Secondary acetate  1.476 1.470 

Triacetate  1.474 1.479 

Wool  1.553 1.542 

Silk 1.591 1.538 

Casein  1.542 1.542 

Vicara (zein) 1.536 1.536 

Nylon  1.582 1.519 

Terylene polyester fibre  1.725 1.537 

Orlon acrylic fibre  1.500 1.500 

Acrilan acrylic fibre  1.520 1.524 

Polyethylene  1.556 1.512 

Glass  1.547 1.547 

 

Figure 3 Experimental setup. The inset schematically represents the arrangement for fiber testing 

3. RESULTS AND DISCUSSION 

The collected signal for the sample without loading is plotted with the blue color in Figure 4 which shows a 
slight noise during the operation. The application of external load to the fiber resulted in a variable signal that 
is shown with the red color in Figure 4, and the descriptive statistics for both signals are listed in Table 2. 

Region 
of measurement 

Applicati
on of mechanical 
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These results demonstrate a reasonable response of the optical fiber to stimulating loads, which implies a 
possible application in using these fibers in detecting the mechanical behavior of a loaded structure. 

 

Figure 4 Intensity of transmitted light signal in the reference (static) sample compared to the sample under 
dynamic loading 

Table 2 Descriptive statistics for the collected signals 

 Reference signal Loaded signal 

Average [a.u.] 14.07  13.23  

STD [a.u.] 0.59  7.71  

Min [a.u.] 13.00  1.00  

Max [a.u.] 15.00  32.00  

 
Figure 5 Welch Power Spectral Density Estimate for both collected signals 
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The Fast Fourier Transform (FFT) of loaded and unloaded samples is given in Figure 5, which shows the 
dominant frequency for both cases to be located at about 4 mHz. This means the possibility of the tested fiber 
to maintain its natural frequency even under loading and the negligible effect of loading on the structure of the 
fiber. In addition, it can be shown that the power for the loaded case is about 20% higher than the unloaded 
case. This demonstrates the sensitivity of the fiber and its ability to detect the behavior of a structure with 
changes in this range. 

 
Reference signal       Loaded signal 

Figure 6 Spectrographic analysis of the collected signals in the Time-Frequency domain 

Moreover, the time-frequency for the two signals is presented in Figure 6, where the power for the dominant 
frequency in the case of loaded sample is clearer than the reference sample. This means that the response of 
the optical fiber sensor is high enough to detect the behavior of structures under harsh loaded conditions. 
Moreover, noises for the reference signal are small while the low power is shown with loaded case after 50 Hz 
compared to the reference case. It means that the sensor can be used to detect the accurate structures 
behavior. These results suggest that the performance of these optical fiber sensors is high in time and 
frequency domains and can be used to evaluate and assess the behavior of materials and structures. 

4. CONCLUSION 

The preliminary results presented in this work show the potential use of structural fibers for carrying lightwaves 
and working as sensory elements in fibrous materials. However, these fibers suffer from rapid loss of light 
intensity, and optimizing their working lengths and positioning in the sample are necessary. The presented 
setup is a step in that direction and further study will continue to optimize their working parameters.  
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Abstract  

In presented work we compare the influence of low-temperature plasma generated in ambient air by Diffuse 
Coplanar Surface Barrier Discharge on three types of most commonly used polymers - polyvinylpyrrolidone, 
polyvinyl alcohol and polyacrylonitrile with suitable precursors. Samples were studied in terms of chemical 
composition (ATR-FTIR, EDX) and surface morphology (SEM). The method was studied as a separate 
treatment or pretreatment procedure before thermal calcination. Thanks to the high power density of generated 
plasma and related high density of active particles, a significant removal of the organic part of the hybrid fiber 
without the damage of the fibrous structure was observed in the first 30 minutes. Plasma treatment before 
sintering decreases the time and temperature needed to complete removal of organics, does not require slow 
temperature rise and so decreases the cost and simplifies the preparation of metal oxide fibers. 

Keywords: Inorganic nanofibers, plasma assisted calcination, atmospheric pressure plasma, diffuse  
        coplanar surface barrier discharge 

INTRODUCTION 

Inorganic micro- and nanofibers are one of the most studied materials [1,2]. The most used method for 
preparation of inorganic fibers are annealing of hybrid fibers containing base polymer and precursor in the 
process of thermal calcination. During this process the fibers prepared by spinning procedures are exposed to 
high temperature in the order of 100°C for several hours [3]. The base polymer is removed and hybrid fibers 
are transformed to inorganic material. Because of high-temperature and long duration process, the fabrication 
of inorganic structures is considerably time-demanding, economically, environmentally and technically 
challenging. 

One of the alternative approaches in the preparation of submicron structures by polymer-template techniques 
is the use of low-temperature, non-equilibrium plasma generated in a gas with high oxidative activity. Plasma 
suitable for so-called plasma assisted calcination (PAC) should be low temperature, with high oxidative 
capacity and sufficiently homogeneous to avoid damage of the submicron structure. This type of plasma can 
be easily generated at reduced pressure, and low pressure plasma sources have been already studied for 
polymer matrix removal by the preparation of inorganic microstructures and layers [4-6]. However, necessity 
of vacuum equipment enlarges treatment time and increases the cost of method.  

Due to the limitations of low pressure plasma processes, there is a tendency to develop the atmospheric 
pressure sources that could fulfil the requirements for low-cost and fast plasma processes. Among plasma 
sources applicable for atmospheric pressure plasma assisted calcination Dielectric Barrier Discharges (DBD´s) 
play an important role. Due to the higher density of reactive oxygen species, e.g. ozone, the speed of the 
calcination process can be very high [7]. DBD´s plasma is usually characterized by filamentary mode and the 
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diffusiveness of plasma is ensured with flow of appropriate working gas (He, Ar, N2). However, the oxidation 
effectivity of polymer template in mentioned gases is reduced. 

In our work we used a special type of dielectric barrier discharge - Diffuse Coplanar Surface Barrier Discharge 
(DCSBD) for plasma assisted calcination of fibers containing three types of most commonly used polymers - 
polyvinylpyrrolidone, polyvinyl alcohol and polyacrylonitrile with suitable precursors. The advantage of DCSBD 
is generation of diffuse, low temperature, non-equilibrium plasma with very high power density (100W/cm3) at 
atmospheric pressure without the need of any special working gas [8,9]. 

Samples were studied in terms of chemical composition (ATR-FTIR, EDX) and surface morphology (SEM). 
The method was studied as a separate treatment or pre-treatment procedure before thermal calcination. 

1. EXPERIMENTAL 

The plasma assisted calcination was performed by DCSBD at atmospheric pressure in ambient air. This type 
of discharge generates a low temperature, non-equilibrium diffuse plasma in thin layer (0.3 - 0.5 mm) above 
the ceramics with high surface and volume power density. The plasma consists of a large number of H-shaped 
microdischarges burning between the strip electrodes prepared by screen printing technology on the bottom 
side of the ceramic plate (Figure 1). The detailed description of DCSBD based technology can be found in 
[8,9]. 

 

Figure 1 Cross-section of DCSBD electrode system 

The samples of composite fibers were prepared by electrospinning (PARDAM Ltd., CZ, IMR SAS, SR) from 
solution of polyvinyl pyrrolidone + titanium butoxide (Ti(Bu)/PVP), polyvinyl alcohol + zinc acetate (Zn(Ac)/PVA) 
and polyacrylonitrile + aluminium trinitrate (Al(NO3)3/PAN). 

DCSBD was powered by sinusoidal HV generator Lifetech VF 700 (Lifetech Ltd., CZ), up to 20 kV peak-to-
peak and frequency 14 kHz. The samples were fixed to the movable holder with a distance 0.3 mm above the 
ceramics and treated during exposure time in the range 1-60 min by moving in the plasma (dynamic regime) 
at input power 400 W.  

To study the influence of the plasma treatment on the fibrous structure and the surface morphology of fibers, 
SEM Hitachi S-4800 (Hitachi High-Technologies, US) was used. The chemical composition was measured by 
EDX spectrometer INCA x-sight (Oxford Instruments, UK). ATR-FTIR measurement using Bruker Vector 22 
FT-IR Spectrometer (Bruker Optics, US) was carried out for characterization of specific chemical groups in the 
composite material before and after plasma treatment. 

2. RESULTS AND DISCUSSION 

Figure 2 shows the ATR-FTIR spectra of hybrid fibers before and after plasma treatment. The broad band in 
the region 3000-4000 cm-1 is due to the OH stretching vibrations.  

ElectrodesCeramics

Cooling oil

HV [kHz]
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In the FTIR spectra of Ti(Bu)/PVP fibers at about 1650 cm-1, the typical vibration of carbonyl group ν(C=O) of 
PVP can be detected. Symmetric stretching vibration of C-N bond is visible at 1290 cm-1 [10,11]. Symmetric 
and asymmetric stretching and bending vibration of C-H occur in the region 2830-2990 cm-1 and 1400-
1520 cm-1 [12,13], respectively. Peak at about 1370 cm-1 belongs to the vibration of C-C bonds in PVP ring 
[11]. Deformation vibration od (CH2)n can be observed in the region 720-790 cm-1 [14]. Also allowance from 
stretching and bending vibration of C-C, C-H bonds of titanium butoxide can affect intensity of peaks attributed 
to organics [15,16]. Vibration of bonds typical for metal alkoxides - butoxy groups (Ti-O-CH2-) and deformation 
vibration of C-H, C-O and Ti-O-C can be found in the region 1000-1250 cm-1 and 400-900 cm-1 [17,18], 
respectively. Peaks attributed to Ti-O bond in the spectra of thermally calcined sample are visible below 
800 cm-1 [19].  

  

 
Figure 2 ATR-FTIR spectra of hybrid nanofibers - untreated, treated by plasma for 30 minutes and thermally 

calcined inorganic fibers 

The ATR-FTIR spectra of Zn(Ac)/PVA fibers show all major peaks belonging to polyvinyl alcohol and zinc 
acetate. The broad bands in the region 3100-3500 cm-1 are linked to O-H stretching vibrations in PVA base 
polymer and water bonded on zinc acetate as dihydrate. At 2940-2950 cm-1 was observed peak assigned as 
symmetric and asymmetric stretching of CH2 group [20,21], which is decreasing after plasma treatment. In the 
range 600-1500 cm-1 characteristic peaks of PVA can be overlapped with peaks of zinc acetate. At 1715 cm-1 
(1700-1750 cm-1) and 1570 cm-1 were assigned peaks attributed to stretching of C=O bond [22,23]. Bands 
attributed to carbonyl group are influenced except zinc acetate also by the presence of acetate groups 
remaining from PVA during the hydrolysis of polyvinyl acetate. Decrease and shift of these peaks indicate 
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decomposition of the organic part of composite fibers. Two bands at 1420 cm-1 and 1432 cm-1 were attributed 
to asymmetric and symmetric bending of CH2. At 1326 cm-1 and 1232 cm-1, peaks were assigned as wagging 
vibration of CH2. C-O stretching vibrations can be observed at 1093 cm-1. At 917-919 cm-1, bands of C-C bond 
and CH2 rocking vibrations are observed [24], which disappear after plasma calcination due to decomposition 
of polymer chain. 

In the measured infrared spectra of Al(NO3)3/PAN fibers, the peaks characteristic for PAN are identified at 
about 1660 cm-1 (stretching vibrations of carbonyl (C=O) group), 1590 cm-1(combination of C=N, C=C  
and C=O stretching), 1450 cm-1(C-H bending) and 1290 cm-1(C-O stretching). It is possible to observe the 
decrease of the peaks corresponding to organic material of base polymer after plasma treatment, including 
also asymmetric and symmetric stretching vibration of methylene (CH2) groups at 2960-2920 cm-1 and  
2890-2850 cm-1, respectively [25,26]. We can observe the contribution of peaks attributed to nitrate ion  
(NO3-) in precursor visible at about 1490, 1370, 1275 and below 800 cm-1 [27]. Peaks attributed to Al-O and 
Al-O-Al bonds might be visible below 700 cm-1. 

  

 

Figure 3 Chemical compositions of hybrid nanofibers - untreated, treated by DCSBD plasma for 30 minutes 
and inorganic fibers prepared by conventional thermal calcination and combination of plasma pretreatment 

for 30 minutes and thermal treatment 

Figure 3 shows the chemical compositions of samples - untreated precursor/polymer fibers, fibers treated by 
DCSBD plasma for 30 minutes, inorganic fibers prepared by conventional thermal calcination at 700-1000°C 
for 6-10 hrs with controlled heating rate and inorganic fibers prepared by combination of plasma pre-treatment 
and 2-4 hrs sintering at around 700°C without the control of heating rate.  
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The strong decrease of carbon and simultaneous increase of oxygen and metal contents was observed on the 
samples treated by plasma. Oxidation during PAC produces easy removable volatile products from base 
polymer and organic parts of precursors (C,N,O,H). Plasma treatment oxidation of organics was most effective 
on Zn(Ac)/PVA fibers due to the low chemical stability of this type of base polymer. PAN was considered as 
the most resistant. Comparing the results obtained on inorganic fibers prepared by thermal calcination and 
combination of plasma and shorter exposition to the high temperature, we can see, that plasma pre-treatment 
allows shortening of sintering process and decrease of required temperature to reach comparable chemical 
composition.  

Hybrid precursor/polymer fibers have a smooth surface. After plasma calcination, the surface of Ti(Bu)/PVP 
and Zn(Ac)/PVA fibers turned rough. DCSBD PAC causes the increase of porosity of fibers which is very 
beneficial for a wide range of applications. The fibers diameter ranges from 0.5-1 μm and it can be visible the 
shrinking of fibers after plasma treatment. It was observed, that plasma has also positive effect to remain 
fibrous structure and avoid breaking of fibers when the heating rate is not controlled [28] and allows also 
preparation of composite fibers consisting of polymer core with ceramic shell, where the desired surface with 
additional mechanical properties were obtained [29]. 

 
Figure 4 SEM micrographs of precursor/polymer fibers before and after plasma treatment 

3. CONCLUSION 

The observed fast removal of organics within short exposure times (less than 1 hour) and low-temperature 
approach (approx. 50-60°C) makes the plasma assisted calcination using DCSBD an advantageous 
alternative to conventional thermal calcination for preparation of inorganic fibers and allows the use of wider 
range of materials and substrates sensitive to high temperature. As a pre-treatment method it can be used for 
significant shortening of the conventional calcination process duration and can significantly decrease the 
energetic requirements of the whole process. Diffuse character and macroscopically homogeneous plasma 
even without the need of any expensive noble working gas, generated by DCSBD, is applicable for the 
production of inorganic fibers in the submicron range without damage of their fibrous structure. In addition, the 
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increase in porosity of fibers was observed, which is very beneficial in applications requiring large surface-to-
volume ratio.  
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Abstract 

Plasma polymerisation in atmospheric pressure is an emerging method of creating highly hydrophilic surfaces, 
with water contact angles below 10 °. Unlike low-pressure plasma polymerisation, it is cheaper, faster and can 
be done inline, but requires larger amounts of precursor. Unlike plasma activation, the increase of wettability 
does not show an aging effect. In our experiments, we deposited hydrocarbon films from low concentration 
propane-butane in nitrogen plasma at atmospheric pressure on c-Si 2 cm x 3 cm large, 0.6 mm thick substrates 
from distance 0.1 mm. We used three different concentrations of propane-butane. Using thermal desorption 
spectroscopy, we have systematically analysed the thermal stability of all these films. The samples were slowly 
heated in high vacuum at constant speed to various temperatures, up to 1000 °C. Thermally desorbed gases 
from the sample were analysed using a mass spectrometer. The dependences of partial pressures on particle 
mass and temperature were rendered into colour maps. We have found that reactions begun to occur at 
temperatures about 100 °C, releasing hydrocarbon gases. Contact angle measurements have shown that the 
hydrocarbon films progressively lost their hydrophilic effect in temperatures from 100 °C to 300 °C. At 
temperatures around 850 °C, a strong reaction occurs, leading to a massive release of hydrocarbon gases, 
but the film itself remains on the substrate. Samples before and after annealing were analysed by means of 
common laboratory tests. 

Keywords: Thermal stability, plasma deposition, superhydrophilic films 

1. INTRODUCTION 

Polymer thin films with various properties have extensive application in many areas of science and technology. 
Plasma treatment of surfaces in inert gases or air either modifies the topography of the surface [1] or introduces 
new functional groups [2]. The disadvantage of this method is the aging effect, gradual loss of improvement of 
wetting properties due to reactions between the surface and ambient gas [3]. Another disadvantage is strong 
dependence of reachable wettability on the treated material [4]. These problems can be avoided by using 
plasma polymerisation [5][6]. 

Plasma polymerisation s a technique of surface modification that deposits a layer of material polymerised by 
plasma. The film is usually randomly organised, with short chains and significant crosslinking [7].  This process 
can be done at atmospheric pressure, which allows fast and continuous processing of surfaces [8]. 

Determination of their thermal stability at elevated temperatures is crucial for applications where thin film is 
exposed to higher temperature. In the presented work, we have measured the thermal desorption spectra of 
samples and learned at which temperatures do reactions occur. We have also measured the wettability after 
the reactions that occurred during the heating process. 

The films were found to be stable at elevated temperatures. Temperatures up to 100 °C inflicted no changes 
in the wettability of the film, but higher temperatures caused the film‘s hydrophilicity to deteriorate. 
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2. EXPERIMENTAL 

2.1. Film deposition 

Samples were 0.6 mm thick, rectangle shaped with edges 2 cm and 3 cm long. We have used nitrogen with 
purity 99.9999% was mixed with commercial mixture of propane-butane, consisting of 84% propane, 15% 
butane and 1% other hydrocarbons. We have created samples at different concentrations of propane-butane, 
either 0.4%, 0.8%, 1.2% or 0% (no film created, but the surface was treated with plasma). The gas flow was 3 
l/min In this atmosphere, the saples were treated for 20 seconds from distance 0.1 mm with diffuse coplanar 
dielectric barrier discharge (DCSBD) operating at power 400 W (distributed over discharge surface 160 cm2 

and width 0.3 mm), voltage 20 kV and frequency 15 kHz. Because we were going to heat the sample to high 
temperature, Czochralski silicon wafers were used as a model substrate.  The apparatus used for this 
experiment can be seen on Figure 1. 

 

Figure 1 Schematic illustration the apparatus used for deposition 

2.2. Thermal desorption 

Thermal desorption spectra were measured in a custom built apparatus (as seen on Figure 2) that slowly 
heats the samples, measuring the gases desorbed during chemical and physical reactions in the sample, 
irreversibly altering it in the process. 

 
Figure 2 Thermal desorption measurement apparatus 
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The samples were located in a glass tube evacuated by a Pfeiffer D - 35614 Asslar turbomolecular pump. The 
glass tube is located in a Clasic 4011T laboratory fournace. The molecular masses of desorbed gases is 
measured by a Pfeiffer Prisma 80 mass spectrometer. 

A problem of this method is desorption of gases from the sample‘s substrate and from the walls of the 
apparatus. Because of that, the measurements have to be periodically done with an empty apparats to 
determine what is desorbed from the walls. Although the exact partial pressures is difficult to estimate from the 
measured ion currents and thus the background cannot be simply subtracted, the presence of chemical 
reactions can be determined qualitatively. 

The gas spectrometer‘s controlling software, TalkStar, only allows measuring either one spectrum at a time or 
following the development of partial pressures of several molecular masses. We have found a way to work 
around this limitation. 

We have found that if the program is in ‚scan‘ mode, it measures the spectrum continually and while it displays 
and exports only the latest one, the binary .tds file where it writes the data keeps growing. By making very 
short measurements containing only several points and exporting them into a readable format, we have found 
the way the values are stored in this file. 

The data are saved in entries of one or more values. Each entry contains the number of its first molecular 
mass measured encoded as a 32-bit integer (not in any units), the number of measured values in this entry 
encoded as a 32-bit integer and a series of measured values stored in the IEEE 754 format. The times when 
these values were measured were not saved, but they could be determined because the measurement speed 
was constant. The molecular masses measured could be recalculated to arbitrary units by locating the maxima 
of gases that are always present, like N2, O2 or H2O. A program to decode the files, pair them with temperatures 
using linear interpolation and plot the results was written in C++. 

The results are colour maps where the colour shows the amount desorbed of gas of given mass at given 
temperature (mass is the x coordinate, temperature is the y coordinate). Because the desorption from other 
sources than the film cannot be avoided, it must always be compared with data from measurements with empty 
apparatus. 

3. RESULTS AND DISCUSSION 

We have measured the spectrum up to 1000 °C of a sample created at 0.4% concentration of propane-butane 
(Figures 3, 4). The heating speed was 5 °C/min. We have found mostly hydrocarbon releases. These were at 
large ranges of masses, which is typical for hydrocarbons and their fragments. The desorption started at 
temperatures around 100 °C and increased at higher temperatures. The desorption reactions peaked at 
temperatures around 850 °C. 

We have also found short-term increases of desorption at temperatures 220 °C, 250 °C and 500 °C. These 
desorption peaks are too short-lasting to possibly correspond to chemical reactions. They most likely came 
from cracks in the layer that occurred during the heating. 

Many of these substances were also released from the background, but at significantly lesser quantities. The 
short peaks from crack-releases did not occur. The hydrocarbons released were probably leftovers from 
measurements in which the products of samples‘ decomposition were adsorbed on the apparatus‘ walls. 
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Figure 3 Development of mass spectrum of desorbed gas from the sample created with a 0.035% 
concentration of propane-butane (lower) compared to sample without film (upper) 

 
Figure 4 Development of thermal desorption intensity on temperature for selected molecular masses 
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Figure 5 Dependence of surface contact angles after annealing on maximal annealing temperature reached 

Next, we compared measured the contact angles of the samples after heating to various temperatures and 
keeping them on these temperatures for 30 minutes. The results are shown on Figure 5. We have found that 
the contact angle increased with annealing temperature from 26 ° to 60 °. It did not increase further in the 
range between 300 °C and 1000 °C. 

To verify that the decrease in conatct angle was not caused by desorption of water adsorbed to the surface, 
we have tested how the contact angles develop in time while exposed to ambient air humidity. No changes 
were detected, meaning that the changes are of chemical nature and permanent, consistently with the 
hydrocarbon releases visible in thermal desorption spectra. 

For reference, we have measured  the water contact angle of clean silicon substrate was found it was 50 °. 
This means that the thermally damaged film remains on the surface, but lost its hydrophilic properties. 

Despite the changes in the film‘s composition during annealing to temperatures up to 1000 °C, the film remains 
visible to naked eye, which is consistent with the observed influence on contact angle. 

4. CONCLUSION 

We have measured the thermal stability of hydrocarbon films deposited on silicon substrate. The films were 
created using propane-butane gas in nitrogen plasma. The films were found to be stable until temperature 
100 °C, then their properties progressively worsened, losing all the hydrophilic properties before reaching 
temperature 300 °C. The changes were permanent. A strong reaction occurred at temperature 850°C. Even 
after annealing to temperature 1000 °C, the film remained on the substrate, albeit devoid of its hydrophilic 
properties. 
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Abstract 

Gas and migration barrier coatings which are flexible and transparent can be generated on polymer films by 
combining Combustion Chemical Vapor Deposition (CCVD) and Sol-Gel Technology.  

The CCVD (especially the Pyrosil® method) allows the formation of highly compact oxide layers based on 
siloxanes under atmospheric pressure. In order to make them more flexible and to reduce the permeability, 
the use of the Sol-Gel technique is suitable. In this case, hybrid Si and / or Al oxide layers with an inorganic 
and an organic network can be deposited.  

The Oxygen Transmission Rate (OTR) and the Water Vapor Transmission Rate (WVTR) are mainly used as 
an indicator for gas barrier effect (GBE). GBE can be significantly improved by synergistic combination of 
different coating techniques wherein stacked layer systems are formed.  

These systems are only a few hundred nm thick. Hence, they appear optically transparent. This property is 
very important for usability in the packaging and electronics industry. Topography of the layers was 
investigated by AFM. Chemical composition was studied by FTIR and layer thicknesses were determined by 
Profilometry and/or Ellipsometry. 

Furthermore, the overall permeability to certain permeates can be adjusted by the property of each single 
layer. This allows the generation of semipermeable membranes and therefore the use in filtration technology. 

Keywords: Chemical Vapor Deposition, Sol-Gel technology, barrier coatings, packaging, filtration 

1. INTRODUCTION 

Because untreated polymer films usually exhibit poor barrier properties, they are not suitable for certain fields 
of application (e.g. food packaging and electronic industry). In order to protect the food or electronic 
components from oxidation or degradation, semipermeable coatings can be deposited on such packages or 
used for encapsulation. 

For this purpose, a multilayer system consisting of Pyrosil® and Sol-Gel layers, which has a high barrier effect 
against oxygen and water vapor, is generated. The Sol-Gel technique can also be used to introduce additional 
functionalities into the layer composite. For example, fluorescent, photocatalytic or antibacterial properties can 
be achieved.  

2. THEORETICAL FOUNDATIONS 

The gas transfer from one phase through a solid to another phase is called permeation. The particle migration 
through a film takes place over four partial steps. First, the gas particles from the phase with the higher 
concentration adhere to the surface of the film (adsorption). These particles are absorbed (absorption) by the 
film and migrate through it (diffusion). On the backside, the particles enter the phase with the lower 
concentration (desorption) [1].  
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Corresponding to the permeation coefficient P, which results from the product of solubility coefficient S and 
diffusion coefficient D, the steps of adsorption and diffusion can be mainly influenced by layer deposition: 

SD
Δp

dFP 


 ,                                                                                                                                  (1) 

with F - diffusion flow of the permeating substance, d - thickness of the material and p - Partial pressure 
difference 

Accordingly, compact layers with high flexibility adapted to the substrate films must be applied. These criteria 
can usually not achieved sufficiently by use of a single layer. Therefore multi-layer systems were deposited. 
As a result, the advantages of the individual coatings can be utilized whereas their disadvantages can be 
circumvented. 

In this study dense Pyrosil® layers, showing a high barrier effect, were combined with relatively flexible and 
smooth Sol-Gel layers. Unfortunately, the Pyrosil® layers become rough and brittle with increasing layer 
thickness. Due to releasing solvent during drying, the coating procedures often induce pores formation in the 
Sol-Gel layers. That reduces their barrier effect. As a result of the stacking, more impermeable, smoother and 
more flexible layer systems are obtained whose surface can be analyzed by AFM (Figure 1). 

   
Figure 1 AFM images of a Pyrosil® layer (left), Sol-Gel layer (middle) and a combination of both on PET 

The layer composite can be kept substantially more stable which allows stacking of up to five individual layers. 
Hereby the transparency of the film is only slightly reduced since the layer thickness of the system of 
transparent individual layers can be kept below 400 nm. 

3. EXPERIMENTAL METHODS 

A brief overview of the methods used is given below. This is the CCVD (especially the Pyrosil® method) and 
the Sol-Gel process. A combination of both methods was used to coat PET films (Hostaphan® from 
MITSUBISHI POLYESTER FILM, thickness 12 m). The compositions of the used Sols were optimized by 
means of design of experiments (DoE), which was evaluated by the program Statgraphics® from STATCON. 

As precursor for the pyrosil process served mainly hexamethyldisiloxane (HMDSO). In the sols, aminopropyl-
triethoxysilane (AMEO), 4,4'-methylenebis (N, N-diglycidylaniline) (MDGA) and aluminum tri-sec-butoxide 
(ABO) were used as reagents. 

3.1. CCVD (Pyrosil® technique) 

The Combustion Chemical Vapor Deposition (CCVD) is a special case of chemical vapor deposition. This is 
done by flame-pyrolytic decomposition of reactive precursors [2]. If a silane is used as precursor, it is called 
Pyrosil method® (Figure 2). 
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Figure 2 Scheme of the Pyrosil process (left) and practical implementation from roll-to-roll (right) 

These compounds decompose in the reducing part of the burner flame to reactive silicon, which reacts in the 
oxidizing part to form silicates they can agglomerate. If a substrate is moved through the oxidizing area, the 
impinging agglomerates will form a three-dimensional network on its surface. 

Via CCVD, highly compact oxide layers based on silicon can also be produced on polymer films by adapting 
the process parameters. The processing can also be performed from roll-to-roll (R2R), which allows a high 
throughput, whereby it becomes economically lucrative. 

3.2. Sol-Gel coating 

In order to make the layer composite more flexible and to reduce its permeability additionally, the inclusion of 
the sol-gel technique is suitable. In this case, hybrid Si and / or Al oxide layers can be generated which have 
an inorganic and an organic network portion. 

       

Figure 3 Processing possibilities during the sol gel process (left) and application by spray nozzle (right) [4] 
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In the sol gel process, a sol is formed from a dissolved precursor substance after addition of water as second 
reactant. The sol is finally formed by progressive hydrolysis and condensation reactions, optionally in the 
presence of an acid or base as catalyst [3]. As precursors, alcoholates of metals or non-metals can be used. 
Alkoxysilane compounds are generally more stable against hydrolyses than aluminium alcoholates. This fact 
requires a carefully adjusting of the reaction conditions when both compounds are used in combination.  

In addition, a hybrid network with inorganic and organic content can be generated by substitution of alcoholate 
groups by both polymerizable and crosslinkable organic moieties. A gel is formed as a result of three-
dimensional crosslinking reactions in the sol, which increases its viscosity. By removing the solvent, the gel 
can then be converted into a stable oxide film or a powder (Figure 3). 

Sol-Gel layers can in principle be applied analogously to lacquers, for example by dip, spray or doctor blade 
coating. The processing can be carried out R2R in accordance with the CCVD method with special coating 
equipment at INNOVENT by means of slot die or spray nozzle. 

4. RESULTS AND DISCUSSION 

The parameters Oxygen Transmission Rate (OTR) and Water Vapor Transmission Rate (WVTR) are mainly 
used as an indicator of the barrier effect against gases on polymer films. These rates can be significantly 
influenced by both Pyrosil and Sol-Gel layers. Nevertheless, the individual layers are still not sufficient to meet 
industry standards.  

In the food packaging industry, OTR values of about 1 cm3 / (m2 d bar) and WVTR values of 1 g / (m2 d) are 
given [5]. These can only be achieved with a combination of both coating methods. In order to reduce the 
water vapor permeation to this value, five layers had to be applied in an alternating sequence using a 
conventional sol (Figure 4). 

 
Figure 4 Permeation rates of individual Pyrosil and Sol-Gel layers as well as combination layers 

The introduction of aluminium-containing and epoxy components allows a further reduction in the permeation 
rates of the whole system. The optimization of their contents as well as the general composition of the sols 
was achieved by design of experiments (DoE). The desirability function serves as a basis for the adaptation 
of the corresponding input variables (Figure 5). 
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Figure 5 Desirability function depending on the epoxy and aluminium content in the sol 

According to this, the epoxide content should be as high as possible and the alumina content should be as low 
as possible. However, since both the minimization of the WVTR and the layer thickness were prioritized, the 
optimum epoxide content was about 1.25 wt% and for alumina 0.15 wt%. 

By use of this sol composition, a three-layer system formation was already sufficient to meet the industrial 
requirements. The total layer thickness of this coating was about 300 nm and it is highly transparent as well 
as flexible. 

The permeability of the layer system can be precisely adjusted by the properties of the individual layer 
components. Thus, semipermeable coatings may also have to be produced. These could then be used, for 
example, in the filtration technology or corrosion protection. 

However, further studies are necessary in this field of application. Notably, first results promise further 
improvements with regard to the adjustment of the permeability of ions. 

5. CONCLUSION 

The use of CCVD in combination with the Sol-Gel technique allows the production of thin layer systems with 
high barrier properties against gases such as oxygen and water vapor. By varying the reactant composition of 
the sol, their efficiency can be additionally increased, which allows an industry-compatible layer composite 
with a total layer thickness of approximately 300 nm. 
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Abstract 

In this work, atmospheric pressure, ambient air plasma was used for pre-treatment of clay coated paper before 
silicone coating as well as for post-treatment to prepare the release liner with low adhesion. As a plasma 
source “industrial corona” in roll-to-roll configuration was used for plasma treatment. The aim of the study was 
to evaluate the effect of plasma pre- and post-treatment time on adhesive properties of silicone layer sprayed 
on the paper. Plasma pre-treated paper was sprayed with silicone oil of different amounts using spray gun and 
subsequently plasma post-treated for defined repetition. Surface of silicone sprayed paper was analyzed by 
water contact angle measurement immediately after oil spraying procedure. The possible changes in 
morphology were characterized by scanning electron microscopy, chemical composition by X-ray 
photoelectron spectroscopy and the adhesion by measuring tape peel force. The silicone coated paper was 
characterized by increase of hydrophobicity and decrease of release factor with significant impact of plasma 
post-treatment. 

Keywords: Release liner paper, atmospheric pressure plasma, industrial corona, silicone coating, adhesion 

1. INTRODUCTION 

Release liner papers are used in various self-adhesive applications such as hygiene products, envelopes, bar 
code labels, packaging tapes, postage stamps, etc. The main function of the release liner is to protect the 
adhesive layer in the product [1]. It has to stick to the adhesive, but also be easily removed from it. However, 
a typical problem for silicone based release liners is transfer and migration from the release coating on surfaces 
they come into contact. In the presented work atmospheric pressure plasma was used for pre-treatment of 
clay coated paper before silicone coating as well as for post-treatment to prepare the release liner with low 
adhesion. Oil spraying without plasma pre- and post-treatment leads to the high peel force necessary for 
removing the sticker from oil sprayed paper. Moreover, the oil sprayed paper used as carrier leaves oil residue 
on stickers after their removal from paper. Oil spraying ensures non-adhesive surface however oil spraying 
itself is not sufficient to decrease the peel force. Our idea is to solve this problem using plasma treatment 
before and also after oil spraying. As known, plasma treatment enables to improve the hydrophilic properties 
of paper surface [2-3], wettability [4,5], therefore sprayed oil will be soaked more effectively into the paper after 
pre-treatment. Post-treatment serves for so call hardening of sprayed oil and better incorporation of them to 
the paper. The aim of this study was to optimize the oil spraying procedure following plasma pre-treatment and 
finishing by plasma post-treatment for preparing the release liner paper with sufficiently low release factor.  

2. EXPERIMENTAL 

2.1. Material, plasma treatment and silicone oil spraying procedure 

For optimization of silicone oil spraying procedure, the A4 size sheets of clay coated paper provided by Crown 
Van Gelder company (CVG, Holland) were used. Clay coated paper consists of a thin layer of pigment coating 
on one side of paper, which makes the surface very consistent in comparison with the opposite non-coated 
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side. In experiments, we focused on the coated side of paper which was pre-treated by plasma, oil sprayed 
and plasma post-treated. As a source of atmospheric pressure plasma for pre- and post-treatment of paper 
volume dielectric barrier discharge (vDBD), often referred to as “industrial corona”, in roll-to-roll configuration 
from Ahlbrandt System GmbH (Germany) was used. The electrode system consists of four high-voltage strip 
electrodes and a grounded cylindrical electrode, all isolated by a thin ceramic layer, as illustrated by photo in 
Figure 1a. Plasma is generated in adjustable gap (1 - 3 mm) between rotating cylinder and detachable 
electrodes as shown in Figure 1b. The dimensions of effective area of generated non-equilibrium plasma are 
7 cm × 21 cm. During experiments corona was operating at input power 380 W, supplying voltage frequency 
was 24.3 kHz and as a working gas ambient air of room temperature was used. The distance between treated 
paper sample taped on the roller and high-voltage electrodes was set to the value of 2 mm, velocity of rotating 
cylinder was 18 m/min. The effect of plasma pre- and post-treatment was investigated at three different 
exposure times 0.25 s, 0.5 s, and 5 s 

. 

Figure 1 Photos illustrating a) the electrode system of industrial corona,  
and b) ambient air plasma burning in 2 mm gap between electrodes 

Plasma pre-treated paper was sprayed with silicone oil (0.25 or 0.5 ml/A4 size) using spray gun with 
subsequent plasma post-treatment. Silicon oil was purchased from Sigma Aldrich. Various exposure times of 
plasma pre- and post-treatment as well as repeated spraying procedures (1-3 runs) were combined.  

2.2. Analytical methods 

To determine the adhesion of paper with sprayed silicone oil layer the tape peel test at angle 180° was realized. 
Measurement was carried out using the test machine AR-1000 Adhesion/Release tester (ChemInstruments, 
Fairfield, Ohio, USA) at peeling speed 300 mm/min, force range 0.045 - 45 N and the adhesive tape Tesa 
7475 at controlled temperature 23°C and humidity 40-50%. Parameters such as peel force, transfer peel force, 
and percentage of initial peel force value were obtained as results from measurement. Peel force represents 
force necessary to remove the adhesive tape from the paper sample under above mentioned controlled 
conditions. Transfer peel force means force necessary to remove used adhesive tape from previous test from 
reference paper. Initial value of transfer peel force represents conditions when non-used adhesive tape was 
peeled off from reference sample of paper. This method demonstrates what amount of oil remained on used 
adhesive tape. It approximates the real situation for oil remaining on the sticker peeled off from release liner 
paper and its ability to be stuck on target surface. Parameter “percentage of initial value” compared the 
measured value of transfer peel force for certain sample with value of peel force for reference sample. Contact 
angle measurements were carried out with a See System (Surface Energy Evaluation) analyzer (Advex 
Instruments, Brno, Czech Republic). A drop of distilled water (1 µl) was dropped on the coated side of paper 
surface. The value of the contact angle was calculated as a mean value of at least ten drops. The X-ray 
photoelectron spectroscopy (XPS) measurements were done on an ESCALAB 250Xi (Thermo Fisher 
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Scientific, East Grinstead, United Kingdom). An X-ray beam with power of 200 W (650 microns spot size) was 
used. The survey spectra were acquired with a pass energy of 50 eV and a resolution of 1 eV. In order to 
compensate for charges on the surface, an electron flood gun was used. Spectra calibration and processing 
were done using Avantage software. Surface morphology was studied using Scanning Electron Microscope 
(SEM) Mira3 (Tescan, Brno, Czech Republic) with maximal resolution 1 nm and maximal magnification 1 000 
000. Detector of secondary electrons and accelerating voltage of 5 kV was used. To prevent any charging of 
the sample, paper samples were coated with 10 nm of gold layer. 

3. RESULTS 

3.1. Adhesion - tape peel test 

Results of tape peel tests revealed the effect of plasma pre-treatment and post-treatment on adhesive 
properties of silicone layer sprayed on clay coated paper. Observed parameters were peel force (N/cm), 
transfer peel force (N/cm), and percentage of initial value [%]. Peel force of paper with silicone oil sprayed 
layer without plasma pre- and post-treatment corresponds to the value of 5.5 N/cm. Adhesion measurement 
showed that both plasma pre- and post-treatment have a benign influence on the low adhesion of paper with 
silicone oil layer. It was observed, that repetition of silicone oil spraying and post-treatment process for 3 times 
led to decrease of peel force to the value of 3.5 N/cm in case of 0.25 ml of sprayed oil (Table 1). As expected, 
the same trend was confirmed also for higher amount of sprayed oil (0.5 ml) and longer pre- and post-treatment 
times of 0.5 s when obtained peel force was the lowest at all (2.1 N/cm). The effect of pre-treatment and post-
treatment time is demonstrated in Table 2. As can be seen, long pre-treatment (5 s) led to undesirable increase 
of peel force up to the value 3.8 N/cm. Importance of post-treatment can be represented by the fact that the 
plasma pre-treated clay coated paper with the sprayed silicone oil layer but without plasma post-treatment was 
characterized again by high peel force value of 5.8 N/cm. Transfer peel force is logically lower than initial peel 
force because of reuse of the same adhesive tape, however transfer peel force is still high enough for good 
adhesion of tape (sticker) on target surface. Percentage representing the ratio between transfer peel force and 
initial peel force corresponds to the values of 83-91%. Permanency of plasma treatment and whole oil spraying 
procedure is essential for shelf life of oil sprayed paper. Therefore, peel force was investigated on the same 
(aged) samples after 3 months and was almost the same as immediately after the plasma treatment. This 
finding is crucial for potential industrial application.  

Table 1 The results of tape peel test presenting the adhesion properties of paper with silicone oil layer for  
  different number of spraying runs and volume of sprayed oil 

Sample (pre-treatment, volume of sprayed oil, 
post-treatment) 

Peel force 
(N/cm) 

Transfer peel force 
(N/cm) 

Percentage of initial 
value [%] 

Reference 5.5 ± 0.1 - - 

0.25 s + (0.25 ml) + 0.25 s, 1 run 4.3 ± 0.1 5 ± 0.1 91 

0.25 s + (0.25 ml) + 0.25 s, 2 runs 3.9 ± 0.1 4.6 ± 0.3 83 

0.25 s + (0.25 ml) + 0.25 s, 3 runs 3.5 ± 0.1 5 ± 0.1 91 

0.5 s + (0.5 ml) + 0.5 s, 1 run 2.9 ± 0.1 5 ± 0.2 91 

0.5 s + (0.5 ml) + 0.5 s, 2 runs 2.6 ± 0.1 4.9 ± 0.1 89 

0.5 s + (0.5 ml) + 0.5 s, 3 runs 2.1 ± 0.1 4.7 ± 0.1 86 
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Table 2 The results of tape peel test illustrating the influence of plasma pre-treatment and post-treatment  
   time on the adhesion properties of paper with silicone oil layer 

Sample (pre-treatment, volume of 
sprayed oil, post-treatment) 

Peel force  
(N/cm) 

Transfer peel force 
(N/cm) 

Percentage of initial value  
[%] 

0 s + (0.5 ml) + 0.5 s, 1 run 2.7 ± 0.1 4.9 ± 0.1 89 

0.5 s + (0.5 ml) + 0.5 s, 1 run 2.9 ± 0.1 5 ± 0.2 91 

5 s + (0.5 ml) + 0.5 s, 1 run 3.8 ± 0.1 4.9 ± 0.1 89 

0.25 s + (0.5 ml) + 0.25 s, 1 run 3 ± 0.1 4.9 ± 0.1 90 

0.25 s + (0.5 ml) + 0.5 s, 1 run 3 ± 0.1 4.9 ± 0.1 89 

0.25 s + (0.5 ml) + 5 s, 1 run 3.4 ± 0.1 5 ± 0.1 90 

3.2. Water contact angle and peel force 

 

Figure 2 WCA and peel force in dependence on volume of sprayed silicone oil  
and number of runs 

Wettability change of paper after plasma treatment and silicone oil spraying was evaluated. Promising 
combination of plasma pre-treatment and post-treatment was determined from previous experiments. Initial 
value of water contact angle (WCA) for reference paper was 76.1° ± 1.4°. Plasma pre-treatment led to 
hydrophilization of paper surface with WCA value around 40° depending on exposure time. Subsequent oil 
spraying resulted in hydrophobization and post-treatment led to better incorporation of oil into paper. Silicone 
oil spraying procedure is a complex process which affects surface wettability as well as the adhesion 
properties. Therefore, the results from WCA measurements and peel test were investigated together. WCA 
and peel force values in dependence on number of spraying and post-treatment runs for shorter (0.25 s) and 
longer (0.5 s) plasma pre- and post-treatment, and lower (0.25 ml) and higher volume (0.5 ml) of sprayed 
silicone oil are presented in Figure 2.  

The effect of various times of plasma pre-treatment and post-treatment is demonstrated in Figure 3. The best 
result (combination of highest WCA and lowest peel force) was obtained for 0.5 s pre-treatment, 0.5 ml silicone 
oil spraying, and 0.5 s post-treatment in 2 repetitions. 
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Figure 3 WCA and peel force in dependence on plasma pre- and post-treatment exposure time 

3.3. Surface chemistry (XPS) 

Surface chemical composition of reference (clay-coated paper), industrial corona treated paper (0.5 s, 5 s) and 
silicone oil (0.5 ml) sprayed paper (including pre- and post-treatment) was investigated using XPS. For plasma 
pre-treatment two different exposure times (0.5 s, 5 s) were used. Plasma post-treatment with exposure time 
0.5 s was chosen based on the results of previous tape peel test. Results of chemical composition are 
presented in Table 3 and indicate that plasma treatment led to oxidation of paper surfaces. Plasma pre-
treatment for 0.5 s led to increase of oxygen from 34% to 43%, on the other hand, led to decrease of carbon 
amount from 47% to 36%. Plasma treatment without oil spraying had only minor effect on total amount of 
silicon (Si) which corresponded to the value approx. 10%. A trace level (< 0.5%) of nitrogen and calcium was 
detected for all samples. Silicone oil spraying procedure caused the increase of silicone to 23-24% and slightly 
decrease of alumina to 4-5%. This can be explained by covering the treated paper surface with silicone oil 
layer resulting in decrease of alumina content on the native surface. Plasma treatment made the surface 
hydrophilic to be able to absorb the sprayed oil as indicated by increase of O/C ratio from 0.7 to 1.8. 
Subsequent silicone oil spraying following by post-treatment promoted the hydrophobic properties of paper 
surface (decrease of O/C ratio from 1.8 to 1).  

Table 3 Surface chemical composition of plasma treated and silicon oil sprayed paper at different conditions 

Sample O C Si Al Na O/C Si/C 

Reference  34 47 9 8 2 0.7 0.2 

0.5 s 43 36 10 8 3 1.2 0.3 

5 s 49 27 11 10 3 1.8 0.4 

0.5 s + (0.5 ml) + 0.5 s 37 35 24 4 0 1.1 0.7 

5 s + (0.5 ml) + 0.5 s 36 36 23 5 0 1 0.6 

3.4. Surface morphology (SEM) 

No morphological changes were observed after plasma treatment on paper surface. Figure 4 illustrates the 
appearance of paper surface a) clay coated paper - as received, b) plasma treated, c) plasma pre-treated, oil 
sprayed and post-treated. Paper surface after silicone oil spraying procedure is more conductive, therefore 
charging of relief edges occurred.  
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Figure 4 Surface morphology of clay coated paper samples: a) reference (as received),  

b) plasma treated for 5 s, c) 5 s pre-treated + 0.5 ml of sprayed oil + 5 s post-treated paper 

4. CONCLUSION 

WCA measurement of clay coated paper samples with sprayed silicone oil layer revealed its increase from 
initial value 76.1°± 1.4° indicating the lower adhesion of oil sprayed paper. The lowest peel force value (2.1  
0.1) N/cm and the highest WCA (91.3  4.5)° was achieved for paper sample corona pre- and post-treated for 
0.5 s in 3 repetitions of silicone oil spraying and post-treatment. Long pre-treatment (5 s) caused increase of 
peel force, therefore shorter pre-treatment time (0.25 s, 0.5 s) should be used. Peel force measured 3 months 
after plasma treatment and oil spraying was almost the same as immediately after treatment. XPS results 
indicate that plasma treatment led to oxidation of paper surfaces demonstrated by increase of O/C ratio. Oil 
spraying caused decrease of O/C ratio and increase of Si content. Surface morphology was not changed by 
plasma treatment and oil spraying as confirmed by SEM. It can be concluded that ambient air industrial corona 
pre- and post-treatment leads to chemically binding of the stable silicone oil layer on the paper surface resulting 
in low values of peel force. 
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Abstract  

With the development of chemical vapour deposition techniques, and thanks to its chemical and electrical 
properties, boron-doped nanocrystalline diamond has attracted the interest of electrochemists for various 
applications from chemical sensing to water treatment. Potential applications, such as super capacitors and 
dye sensitized solar cells, would greatly benefit from an increase in specific surface area. We recently reported 
a promising simple multilayer process using SiO2 nanofibres as a 3D template to produce thick porous boron 
doped diamond (PBDD). In this article, we further describe the optimization and characterization of thick PBDD 
layers: addressing diamond seeding issues and report on electrical conductivity and electrochemical 
properties. Fabricated PBDD layers were characterized by scanning electron microscopy, micro-Raman 
spectroscopy, and cyclic voltammetry in aqueous electrolyte solution. Finally, fabrication of thick free-standing 
PBDD layer is demonstrated. 

Keywords: Porous materials, boron doped diamond, electrochemistry, nanofibres, MW PECVD  

1. INTRODUCTION 

Progressive electrochemical technologies, such as dye-sensitized solar cells, supercapacitors, electro-
analysis or water treatment, require the use of high quality material as electrodes for highly effective and long 
service life time. Due to its excellent properties, such as a large potential window in aqueous media, high 
corrosion resistance as well as low background current, boron doped diamond is of particular interest for these 
applications. The performance of boron doped diamond electrodes can be potentially significantly increased 
by enlargement of its specific surface area. Various top-down etching [1, 2] or bottom-up growth [3-5] methods 
to enlarge the ratio of the specific surface area to the geometric electrode area have been studied. We recently 
reported an alternative simple multilayer MW PECVD bottom-up PECVD growth process to produce stable 
porous diamond electrodes based on a SiO2 nanofibres/polymer mix method [3]. In contrary to top-down 
etching methods with limited aspect ratio [5], this novel method is not limited in thickness. In this work, we 
report on the optimization of the fabrication process of porous boron doped diamond (PBDD) using a 
nanofibres/polymer mix method to address the problem of non-reproducible diamond seeding, and report on 
characterization the fabricated layers’ structural, electrical and electrochemical properties. 

2. EXPERIMENTAL 

PBDD layers were obtained by consecutive diamond depositions on a thin SiO2 nanofibre template 
(electrospun SiO2 nanofibres produced by Elmarco, Ltd., Czech Republic). The porous template was prepared 
by deposition of a SiO2 nanofibre/photoresist mix by spin coating at 3000 rpm for 30s. Boron doped diamond 
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was deposited using an ASTeX 5010 microwave plasma enhanced chemical vapour deposition (MW PECVD) 
reactor with 0.5 % methane in hydrogen, at 50 mBar, and a microwave power of 1150 W and a deposition 
temperature of c.a. 720 °C and a deposition rate of c.a. 250 nm/h. Boron doping was realized by addition of 
trimethylborane in the gas phase with a B/C concentration of 2000 ppm. Morphology and quality of fabricated 
PBDD layers were evaluated by scanning electron microscopy using a FERA 3 (TESCAN) and Raman 
spectroscopy using a Renishaw inVia Raman microscope with 488 nm excitation wavelength. Sheet resistance 
of fabricated PBDD layers was determined using van der Pauw measurement method. Electrical contacts were 
obtained by deposition of four carbon paste drops on the four corners of the layer deposited on fused silica 
substrate. PBDD layers were also characterized by cyclic voltammetry (CV) performed in an aqueous 
phosphate buffer solution with pH 7 (PBS, Sigma Aldrich) at a scan rate of 100 mV·s-1 using a three electrode 
closed cell under argon atmosphere. The porous BDD were used as a working electrode, a platinum mesh 
was a counter electrode and Ag/AgCl electrode (sat. KCl) was a reference. Electrochemical experiments were 
carried out using AUTOLAB PGSTAT128N potentiostat (Metrohm) controlled by GPES4 software. The specific 
surface area, i.e. surface roughness factor, was determined from cyclic voltammetry measurements as well as 
by Kr adsorption isotherms (BET). 

3. RESULTS AND DISCUSSION 

3.1. Nanofibres/polymer mix optimization  

 

  

Figure 1 SEM image of (a) diamond coated SiO2 nanofibres with inhomogeneous seeding and incomplete 
diamond coverage (b) homogeneous seeding and complete diamond coverage; Original (c) and optimized 

(d) process flow for the preparation of SiO2 nanofibres/polymer mix 
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The initial preparation of the nanofibres/polymer mix as described in Ref. [6] suffered from inhomogeneous 
diamond seeding and following growth, incomplete diamond coverage of the SiO2 nanofibres (Figure 1 (a)). 
In order to resolve these issues, we studied the effect of alternative processing methods of the numerous 
preparation steps of the polymer mix, i.e. chopping, seeding, drying, and mixing of the SiO2 fibres. Figure 1 
compares the original preparation process (c) with the newly optimized process (d) of the nanofibres/polymer 
mix preparation. Cleaning of the raw SiO2 fibres in Piranha solution, mixture of H2SO4:H2O2 (3:1), for 20 min. 
is the first implemented step. The Piranha solution removes organic impurities and increases hydrophilicity in 
order to improve diamond nucleation. The fibres were then rinsed in DI water and filtered several times until 
the remnant solution reached a neutral pH. After cleaning, fibres were chopped in DI water and sonicated 
using an UP400S Ultrasonic processor Hielscher for 10 mins (parameters: 400 W, 10 min., duty cycle 50%). 
In contrary to the previous recipe, chopped fibres were dried by lyophilization instead of evaporation. 
Lyophilization prevents aggregation of fibres which was observed during the evaporation drying method and 
also eases the dispersion in the seeding solution and photoresist. Dried SiO2 fibres were next mixed and 
sonicated (400 W, duty cycle 50%) for 10 min. with a nano-diamond seeding solution (NanoAmando®B -
aqueous colloid of 0.2 g.l-1 concentration) using per each 50 mg of fibres/ 1.5 ml of nano-diamond seeding 
solution. Finally, the optimized sonicated mixture of seeded and lyophilized SiO2 fibres was added to ma-P 
1210 photoresist (Microresist Technology) to obtain concentration of c.a. 80 mg.ml-1. This method 
demonstrated excellent diamond seeding and diamond coverage (see Figure 1 (b)) as well as long storage 
life time with over 6 months stability. 

3.2. Porous layers fabrication and characterization  

Thick PBDD layers were obtained by consecutive MW PECVD diamond deposition of spin-coated SiO2 
fibres/photoresist mixtures. The spin-coated deposited c.a. 4-5 μm thick layer of SiO2 fibres/photoresist mix 
was baked at 110 °C on a hot plate for 90 s. The SiO2 fibres within the deposited mixture serve as a porous 
3D template for diamond deposition. Due to the effects of high deposition temperature (c.a. 720 °C) and the 
hydrogen plasma, the photoresist is decomposed allowing the diamond coating of the SiO2 fibres. In this work, 
porous layers with up to 10 consecutive diamond coatings have been prepared on 1010 mm2 silicon and 
fused silica substrates. The surface morphology and the thickness homogeneity of the porous SiO2 and doped 
diamond composite are shown in Figure 2. 

       
Figure 2 (a) Surface and (b) cross-section scanning electron microscopy pictures of a 26 m thick diamond 

layer obtained by 6 consecutive PECVD diamond coatings 
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Figure 3 (a) shows a thicker PBDD layer structure obtained by 10 consecutive MW PECVD diamond coatings 
on a 3030 mm2 silicon substrate. The layered structure has been successfully removed from its silicon 
substrate by wet chemical etching in HF and HNO3 and laser cut to various desired shapes (Figure 3 (b)). 

    
Figure 3 (a) Thick (c.a. 45 μm) porous boron doped diamond layer deposited on a 30  30 mm2 silicon 

substrate obtained by 10 consecutive MW PECVD diamond coatings. (b) Thick free-standing porous boron 
doped diamond layer (c.a. 45 μm) laser cut with various desired shapes obtained after removal of the Si 

substrate via wet chemical etching in hydrofluoric acid and nitric acid. 

Figure 4 (a) shows the evolution of the PBDD thickness as a function of the consecutive deposition steps. The 
thickness increases by c.a. 4.4 μm after each nanofibres/ polymer mix and PECVD diamond deposition. 
Figure 4 (b) shows the evolution of the sheet resistance of the PBDD layer deposited on a fused silica 
substrate as a function of the thickness of MW PECVD stages on the nanofibres/polymer mix. These results 
are compared to the sheet resistance of a boron porous doped diamond layer. The sheet resistance is inversely 
proportional to the PBDD layer thickness, which corresponds to a resistivity of c.a. 136 m.cm-1. 
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Figure 4 (a) Variation of thickness of PBDD layers as function of the number of consecutive depositions of 

the polymer mix and MW PECVD growth stages; (b) Variation of the sheet resistance versus reciprocal 
PBDD layer 

Raman spectra of as deposited diamond layer (Figure 5 (a)) exhibits the characteristic peaks of heavily boron 
doped diamond: the red-shifted diamond peak, the c.a. 1200 cm-1 and c.a. 500 cm-1 peaks [7]. Superimposed 
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to these characteristic peaks are observed non-diamond (sp2) carbon D- and G-peaks present at c.a. 
1340 cm- 1 and c.a. 1587 cm-1 as well as the two peaks centred at c.a. 1150 cm-1 and 1450 cm-1 assigned to 
trans-polyacetylene. Following wet chemical oxidation (hot H2SO4 and KNO3), in order to remove co-deposited 
non-diamond carbon impurities, the intensity of their respective peaks is reduced. 
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Figure 5 (a) Comparison of Raman spectrum of as deposited and oxidized thick PBDD layer (x6 PBDD 
layers); (b) Comparison of as deposited and oxidized thick PBDD layer cyclic voltammograms 

Figure 5 (b) compares the cyclic voltammograms of as deposited (black line) and oxidized (red line) 26 μm 
thick porous boron doped diamond layer. The background currents drops by a factor of 4 and the potential 
window increases from c.a. 1.5 V to c.a. 2.5 V vs. Ag/AgCl reference electrode after wet oxidation, i.e removal 
of non-diamond carbon. The voltammetric double layer capacitance of as deposited porous BDD related to the 
projected geometric (2D) surface area is 2.5 mF.cm-2 (roughness factor ca. 830), whereas normalized to the 
BET surface area determined by krypton adsorption isotherms the capacitance is significantly lower, i.e. 57 
µF.cm-2cm2 (roughness factor 44). The double layer capacitance of the same porous BDD after oxidative 
treatment decrease to the value of 0.6 mF.cm-2cm2 (geometric surface area) clearly evidencing the important 
contribution of the faradaic pseudocapacitance of the surface oxides interconnected with sp2 impurities, which 
are removed during wet oxidation [8]. 

4. CONCLUSION 

In summary, the preparation of the SiO2 nanofibres/polymer mix has been improved by Piranha cleaning and 
lyophilization steps instead of heat drying to improve diamond seeding and diamond coverage. Porous boron 
doped diamond layers with various thicknesses, up to c.a. 40 μm, have been fabricated and characterized by 
Raman spectroscopy, scanning electron microscopy, Van der Pauw and cyclic voltammetry methods. PBDD 
layers show an electrical resistivity of 136 m.cm-1. After wet chemical cleaning, fabricated layers exhibit good 
electrochemical properties as measured by cyclic voltammetry. Finally, fabrication of free-standing boron 
doped porous diamond layers has been demonstrated. 
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Abstract 

This paper reports on plasma surface etching of three different polymers using a low-temperature (80°C) 
atmospheric-pressure plasma generated in pure hydrogen by a diffuse coplanar surface barrier discharge. 
Flexible polymer foils were plasma-modified in roll-to-roll configuration. Three polymers, polyethylene 
naphthalate (PEN), polyethylene terephthalate (PET), and polyimide (PI) foils were exhibited to the hydrogen 
plasma etching. Scanning electron microscopy was used to determine the change in the thickness of the 
samples from the measurement of cross-section images of polymer foils. As shown, the etching rate of tested 
samples was of the order of ~10-100 nm.min-1. Therefore, the presented method is suitable for precise etching 
of nanostructures and thin polymer film or flexible polymer substrates.  

Keywords: Plasma etching, DCSBD, hydrogen, polymers, atmospheric pressure 

1. INTRODUCTION 

Dielectric barrier discharges (DBDs) are well known as a source of non-isothermal, low-temperature plasma. 
They are often used for plasma generation at atmospheric pressure in a wide range of gases like ambient air, 
nitrogen, oxygen, helium, argon and its mixtures. DBDs and generated plasma are successfully utilized for 
plasma cleaning, activation, functionalization and other modification of various materials and its surfaces. 
However, atmospheric pressure plasma generated by DBD can also be used for plasma-enhanced chemical 
vapour deposition (PECVD) of thin films, deposition of complex functional thin films, for plasma etching and 
creating nanostructured surfaces. The application range of plasma generated by DBDs is vast: from surface 
engineering, production of nanomaterials to applications in medicine and biology. 

Oxidation reactions initiated by DBD plasma generated in an oxidative atmosphere (ambient air, oxygen, etc.) 
are well known and studied in innumerable publications and found in many real applications [1,2]. However, 
DBD plasma can be generated also in argon and hydrogen, leaving the possibility to initiate the chemical 
reduction reactions. Prysiazhnyi et al. [3] showed that atmospheric pressure DCSBD plasma can be used for 
chemical reduction of a native surface CuO/CuO2 layer. Krumpolec et al. [4] reported hydrogen plasma etching 
of SiO2/Si films.  

This paper presents a method for atmospheric pressure plasma surface etching of polymers in pure hydrogen 
plasma generated by a diffuse coplanar surface barrier discharge. Plasma etching was tested at three 
polymers (PEN, PET, PI). All of them are considered to be a key plastic substrates for future flexible electronics 
[5,6]. The etching of polymer materials was studied by scanning electron microscopy, and chemical reduction 
of plasma modified surfaces was analyzed by x-ray photoelectron spectroscopy.  

Plasma is a complex mixture of electrons, ion, radicals, molecules and excited species. The interaction of this 
mixture of active species with materials, especially with polymers, led to the complex reactions leading to the 
change of surface properties of the substrate. The interactions of species with the surface during plasma 
etching is either physical or chemical; then the process is called reactive plasma etching or plasma-chemical 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

284 

etching, respectively. A comprehensive summary of plasma etching of polymers and polymeric materials can 
be found in a review of Puliyalil and Cvelbar [7]. Kwon et al. [8] used hydrogen plasma sintering process 
at temperature 150 oC for reduction and densification of copper complex ink. Palmer et al. [9] used a hydrogen-
argon thermal plasma (50% H2 - 50% Ar) for reduction of TiO2. Selective etching of graphene and graphene 
nanoribbons using hydrogen plasma reaction at 300 oC was studied by Liming et al. [10]. Hydrogen plasma 
was also used for surface modification of polymers, e.g. PTFE [11], and plasma etching of PP, PET, PEN, 
PEEK, PMMA, PLA, LDPE and Nylon 6,6 [12]. 

2. EXPERIMENTAL 

Polyethylene naphthalate (PEN), Polyethylene terephthalate (PET) and Polyimide (PI) polymer foils were used 
as a substrate for plasma etching. PEN and PET substrates were used as pure polymer foils. A Nikaflex F 30 
VC1 foil (Nikkan Industries Co., Ltd.) was used as a polyimide sample, which is used as a substrate for flexible 
printed circuits. The samples were used as-received, without chemical cleaning, just upper protector was 
removed from the surface and dust was removed using compressed air.  

Plasma etching of small experimental samples was done in a sealed chamber designed to generate the plasma 
in pure hydrogen. The reactor chamber is described in [4]. The plasma was generated in pure hydrogen (purity 
4.8) working gas at atmospheric pressure by diffuse coplanar surface barrier discharge DCSBD (Roplass, 
Czech Rep.). Power input into DCSBD was 100 W giving the power density in the plasma 2.5 W.cm-2. The 
samples were moved at a small constant velocity during the treatment to ensure homogeneous etching. A 
surface-to-surface distance of sample surface from DCSBD unit was 0.2 mm.  

 

Figure 1 Scheme of roll-to-roll reactor based on DCSBD for plasma etching of flexible substrates: (1) curved-
DCSBD unit, (2) low-temperature pure hydrogen plasma generated at atmospheric pressure, (3) polymer foil 

sample guided by dielectric roller (4) 
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Large polymer sheets were treated using a reactor designed for roll-to-roll treatment and based on DCSBD 
with curved alumina ceramic as shown in Figure 1. The modified curved-DCSBD unit (1), with curvature 
1/14.8 cm−1, generated homogeneous large-area plasma (2) of the same properties as planar-DCSBD 
configuration. The polymer foil (3) were guided by dielectric roller (4) with a diameter 296 mm at a precise 
distance D from the plasma. The whole system was closed in a sealed chamber connected to the inlet and 
outlet gas distribution system. 

The experiment was carried out as follows: Prior the etching in pure hydrogen, the gas chamber was purged 
by pure nitrogen flow (purity 4.8) for several minutes to establish safe and clean conditions before the 
experiment. Then pure hydrogen flow was established at a specified flow rate for a particular reactor, and the 
chamber was again flushed for several minutes before plasma was turned on. The chamber was again purged 
with pure nitrogen after the experiment prior safe opening of the reactor lid. The reaction temperature during 
the plasma etching was about 80°C. 

The changes in surface morphology and etching rate measurement were done by scanning electron 
microscopy using MIRA 3 device (TESCAN, Czech Republic). All micrographs of samples were taken using 
the accelerating voltage 10 kV, edge of the samples was observed at accelerating voltage 30 kV. Before the 
SEM analysis, all samples were coated by a 10-nm layer of Au-Pd composite. 

The changes in surface chemistry on plasma modified polymers were studied by means of a high-resolution 
XPS (X-ray Photoelectron Spectroscopy) performed with the XPS spectrometer ESCALAB 250 Xi (Thermo 
Fisher Scientific Inc., UK). The system is equipped with 500 mm Rowland circle monochromator with 
microfocused Al K α X-Ray source. The survey spectra were acquired with a pass energy of 50 eV and 
resolution of 1 eV. The photoelectron spectra were referenced to the peak of aliphatic C-C bonds at 284.8 eV. 
The spectra calibration, processing and fitting routines were done using Avantage software. The transfer time 
between opening the plasma reactor, manipulation and insertion of the samples into the XPS load-lock 
chamber was less than 15 min. 

3. RESULTS AND DISCUSSION 

PEN, PET and PI flexible polymer foils were etched in the pure hydrogen plasma for 60 min. The thickness of 
each sample was measured before and after the plasma etching and etching rate was calculated from the 
reduction of the thickness. Figure 2 shows SEM micrographs of cross-sectional images of PEN (a), PET (b) 
and PI (c) before and after plasma etching. 

Table 1 shows measured sample thickness before and after 60-min plasma etching with a calculated etching 
rate of each sample. The measured etching rate of PI, PET and PEN was 83 nm.min-1, 175 nm.min-1 and 
200 nm.min-1, respectively.  

Table 1 Measured thickness of the samples before and after plasma etching 

Sample Thickness (µm) Difference (µm) Etching Rate 
(nm.min-1) 

before after 

PEN 130 +/- 1 117.5 +/- 5 -12 200 

PET 30 +/- 1 19.3 +/- 1 -10.5 175 

PI 50 +/- 0.65 45 +/- 1 -5 83 
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Figure 2 SEM micrographs of PEN (a), PET (b) and PI (c) before and after 60-min plasma etching in pure 
hydrogen plasma 
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Figure 3 Concentration of elements on PEN, PET and PI before and after plasma etching in H2 plasma with 
O/C ratio values (column labels) 

Surface chemical analysis performed by XPS revealed a different effect of reduction hydrogen plasma 
on etched polymer samples (Figure 3). In case of PEN and PET samples, the surface was fast reduced. Even 
1-minute plasma treatment led to a decrease of oxygen concentration to 19 at.% from reference value 27 at.% 
on PEN sample. On PET, oxygen concentration decreased to 20 at.% from reference value 26 at.%. Long 60-
min etching let to the further decrease of oxygen concentration to 18 at.% on PEN and 16 at. % on PET foil. 
Oxygen-to-carbon ratio was decreased after the plasma etching by 42 % on PEN sample at value O/C = 0.22 
from starting value 0.37 measured on untreated sample. On PET, oxygen-to-carbon ration decreased by 46 
% to value about 0.20 from ratio O/C = 0.36 on untreated sample.  

On the other hand, plasma etching of PI samples is slower. 60-s etching of PI led to the no change in oxygen 
concentration, and even 60-min etching led to a small decrease of oxygen concentration to 40 at.% from the 
value 43 at.% measured on untreated sample. Oxygen-to-carbon ratio decreased after 60-min etching only by 
5 %. A small increase of O/C ratio by 5 % after the first 60-sec etching is probably the result of very slow 
etching & reduction reactions of hydrogen plasma on PI resulting in small changes of C, O and N 
concentrations on plasma treated sample. No significant change in nitrogen concentration was observed after 
the etching.  

Despites the preliminary results obtained in this work, it is evident that atmospheric-pressure hydrogen plasma 
is capable of being a promising method for surface etching of polymers or thin polymeric films. Based on 
observed etching rates in the order of ten to hundreds of nanometers per minute, the method is suitable for 
precise etching of thin nanoscale polymer films. It was reported, that diffuse coplanar surface barrier discharge 
in hydrogen gas generates stable, high power and high electron density (ne = (1.3 ± 0.1) × 1016 cm−3) plasma 
with a mean electron temperature of about Te = (19 ± 3) × 103 K [3]. However, more research is needed to 
reveal the precise reaction mechanism of hydrogen plasma with the surface of polymeric materials. The 
presented method successfully utilizes a roll-to-roll, low-temperature, hydrogen plasma for plasma etching of 
polymeric flexible foils which become more and more important substrates for future technologies. 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

288 

4. CONCLUSION 

Pure hydrogen DCSBD plasma was used to etch the surface three different polymer films. Etching of surface 
polymer film was confirmed by SEM cross-section analysis. The measured etching rate of PI, PET and PEN 
was 83 nm.min-1, 175 nm.min-1 and 200 nm.min-1, correspondingly. Surface chemical analysis performed by 
XPS revealed different behaviour of reduction plasma on etched polymer samples. In case of PEN and PET 
samples, the surface was fast reduced leading to a decrease of oxygen concentration to 19 at.% from 
reference value 27 at.% on PEN and to a decrease of oxygen concentration to 20 at.% from reference value 
26 at.% on PET after 1-min exposure in pure H2 plasma. Longer etching let to the further decrease of oxygen 
concentration. On the other hand, plasma etching of PI samples was slower. 60-s etching of PI led to the no 
change in oxygen concentration, and even 60-min etching led to the decrease of oxygen concentration to 
40 at.% from value of 43 at.% measured on untreated sample. Etching is besides the films deposition an 
important production step in microelectronics, which tends a big move to flexible polymer substrates from 
standard silicon wafers. As revealed, low-temperature (80 oC) plasma treatment in pure hydrogen plasma can 
be used for precise etching of polymers. The presented method of roll-to-roll plasma etching could be a new 
way of plasma processing of flexible polymer foils. 
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Abstract 

In this work, we present new preparation method, photocatalytic activity and photocatalytic reactivation of 
photoactive layered graphitic carbon nitride (g-C3N4), which was incorporated into silica structure containing 
zinc-silicate nanoparticles (ZnO-m·SiO2). Prepared material exhibits more than ten times larger specific 
surface area than pure bulk g-C3N4. Material was prepared by sonication of intensively stirred aqueous solution 
of zinc acetate and g-C3N4 while sodium water glass was slowly added by drops into the mixture. Sodium 
water glass reacted with zinc acetate, which was in excess, and composite ZnO-m·SiO2 nanoparticles has 
precipitated on g-C3N4 nanosheets. Prepared nanodispersion was turned into powder material by vacuum 
freeze drying technique. This technique preserves most of particles specific surface area by conserving chaotic 
arrangement of given particles in water solution. Prepared powder was further calcinated at 500 °C for one 
hour. Photocatalytic reactivation was tested on TiO2 and ZnO-m·SiO2/g-C3N4 nanocomposite. Material was 
stirred in the dark with aqueous solution of methylene blue for one hour to reach an adsorption-desorption 
equilibrium. Material with adsorbed dye on its surface was than separated and collected from solution by 
centrifugation, transferred into pure demineralised water and adsorbed dye was than decomposed under LED 
light irradiation within half an hour. Dispersion was centrifugated again to separate by-products, dried by 
vacuum freeze drying and subjected to sorption process again. Although kinetic characteristics for both 
materials were different, sorption properties of both materials did not change after reactivation. 

Keywords: Photocatalysis, nanoparticles, graphitic carbon nitride 

1. INTRODUCTION 

One of the major threats we have to face nowadays is an environmental pollution, which is getting worse with 
everyday industrial activity and automotive transport. After discovery of photocatalytic reaction and its possible 
use in degradation of harmful substances, many researchers are trying to prepare photocatalytic materials, 
which could be used in removal of these pollutants. We can remove for example organic compounds from 
water [1, 2] or inorganic substances (such as CO, CO2 or oxides of nitrogen NOx and sulphur) from air [3, 4]. 
Due to the extent of pollution, it is necessary to prepare photocatalytic materials with cheap and effective 
production technology. Nanoparticles and other nanomaterials are getting higher attention because of the 
nature of photocatalysis. It is process which takes place on the surface of catalyst and therefore increasing the 
specific surface area (SSA) can lead to increase in photocatalytic activity. Nanomaterials can provide desired 
surface areas and maximize the photocatalytic reaction efficiency. The most feasible bottom-up method for 
preparation of nanomaterials is controlled precipitation reaction in liquid medium. We usually need a dry form, 
due to better handling and wider applicability. Drying wet particles in the furnace can lead to final dry powder 
with lower SSA value due to particle agglomeration during drying. Vacuum freeze drying turns out to be a 
promising method for preserving high specific surface area of nanomaterials. Among the well-known 
photocatalysts belong ZnO [5], ZnS [6] or TiO2 [7]. TiO2 is the most popular photocatalitic material used in 
many studies as standard because of its good photocatalytic activity. Practical applications of photocatalytic 
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processes do not stop with degradation of unwanted substances in environment. Photocatalysts can be also 
further used for hydrogen production [8] or photocatalytic synthesis [8]. 

Considering the Sun as the best source of green, inexhaustible energy, many researchers are trying to find 
photocatalyst utilizing as much as possible from solar spectrum. Problem with wide-gap semiconductors is that 
they need to be excited by UV-irradiation, which is mostly filtered by ozone in atmosphere and represents 
minority of irradiation getting to the Earth’s surface. Therefore, photocatalysts which would be active in visible 
light range are getting great attention. One of the possible candidates is layered graphitized carbon nitride (g-
C3N4). It is polymeric non-metal semiconductor with excellent thermal and chemical stability. Its band gap is 
about 2.7 eV wide [9]. Graphitized C3N4 was successfully used as an efficient visible light active photocatalyst 
for degradation of organic pollutants, organic synthesis, water splitting or reduction of CO2 [8]. 

Another way how to remove pollutants from the water or the air are sorption processes. By this way, the harmful 
substances are caught at surface of suitable sorbent and removed from the environment. One of the greatest 
problems of sorbents is saturation. The sorption surface reaches its maximum capacity and cannot catch 
another molecules of pollutant. Sorbent has to be replaced or reactivated. 

In this work, we successfully incorporated layered g-C3N4 into ZnO-m·SiO2 nanoparticles and performed 
photocatalytic reactivation. This composite has specific surface area more than ten times higher than bulk  
g-C3N4, even higher than pure exfoliated g-C3N4 nanosheets [10] and exhibits photocatalytic activity in visible 
light spectra. Synthetized photocatalyst was characterized by EDX, BET analysis, TEM and subjected to test 
of sorption and photocatalytic activity. 

2. EXPERIMENTAL 

2.1. Materials and chemicals 

Chemical used for experiments are zinc acetate of 99 % purity purchased from PENTA s.r.o., sodium water 
glass 38-40 °Bé (Na2SiO3) with modulus of 3 purchased from company Vodní sklo, a.s., TiO2 (Evonik Degussa 
P25) and melamine of 99% purity purchased from Sigma-Aldrich spol. s.r.o. For all aqueous solutions, 
deionized water was used. 

2.2. Preparation of g-C3N4 

Bulk g-C3N4 was prepared by heating melamine in laboratory furnace to 550 °C in air for 4 hours. Temperature 
was raised from ambient temperature to desired one with step of 2 °C per minute. Material was than 
comminuted by grinding in agate mortar and further exfoliated by heating up to temperature of 500 °C with 
step of 2 °C per minute [10]. 

2.3. Precipitation of ZnO-m·SiO2 nanoparticles on g-C3N4 sheets 

1 g of zinc acetate and 0.4 g of g-C3N4 was mixed in 300 ml of deionised water, sonicated in ultrasonic reactor 
with power of 50 W/L and intensively stirred (1500 RPM) for 1 hour. Sodium water glass was diluted in 
deionised water in ratio of 1:340 to get low concentrated water glass. During this one hour of g-C3N4 
nanodispersion sonication in the zinc acetate solution, 200 ml of low concentrated water glass was added to 
the solution by peristaltic pump ended with a needle to ensure dripping drop by drop. Dispersion was than four 
times centrifugated at 9000 RPM for 10 minutes to separate material from redundant water solution of 
precursors. 

To get a dry powder, the material was sonicated in deionised water, subsequently rapidly frozen to suppress 
aggregation of nanoparticles during segregation and placed in vacuum recipient of lyophilizer for vacuum 
freeze drying. Under the defined pressure and surface temperature, the frozen water molecules are sublimed 
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and nanostructure with high specific surface area is created. Pressure and temperature in recipient determine 
rate of sublimation and therefore structure of resulting material. 

2.4. EDAX and TEM analysis 

EDX analysis on scanning electron microscope SEM FEI Quanta 650 FEG was used to determine the 
composition of final nanocomposite powder material. 

A transmission electron microscope Jeol JEM 1230 with accelerating voltage of 80 kV was used to take TEM 
micrograph of the nanostructure. 

2.5. Specific surface area 

Specific surface area was measured by dynamic BET analysis on Qsurf HORIBA SA9601 which works in 
continuous regime. Dry form of a sample was degassed for 5 hours at 150 °C and then subjected to multipoint 
analysis (six-point analysis was chosen for all samples). 

2.6. Continual measuring of adsorption of simulant dye 

For determination of adsorbed amount of dye, we used reactor based on measuring light intensity in a real-
time mode. The reactor consists of vessel, where the dispersion of sorbent powder material and organic dye 
is intensively stirred. The vessel temperature is kept up to 20°C by thermostat system. The decrease of the 
dye concentration (adsorbed amount) is determined by measuring of diffused and backscattered light from a 
laser. The laser is located on the top cover of the vessel and light goes to the nonlinear surface of the dispersion 
in the vessel. There it diffuses in the dispersion and backscatters to the detector (Ocean Optics USB4000-UV-
VIS, Spectrum Suite software), which is also on the cover of the vessel next to the laser light source. The 
measured intensity depends on dye concentration and with proper reference measurement we are able to 
calculate the dye actual remaining concentration, which is a significant advantage against other measurement 
techniques, where samples with not negligible volume need to be extracted first from the solution and then 
particles have to be removed by centrifugation. 

2.7. Photocatalytic reactivation 

Sorption process was performed in the chamber as described in 2.6. Photocatalytic sorbent was stirred in the 
dark with aqueous solution of the dye for one hour to reach an adsorption-desorption equilibrium. 
Photocatalytic sorbent with adsorbed dye on its surface was than separated and collected from solution by 
centrifugation at 9000 RPM for 10 minutes and transferred into pure demineralised water with volume of  
50 ml. Photocatalytic reaction was activated by narrow LED light source on the top of the vessel. Adsorbed 
dye was decomposed under 415 nm LED irradiation within half an hour. Dispersion was centrifugated again 
to separate products of photocatalysis, dried by vacuum freeze drying and subjected to sorption process again. 

We used dispersion of 0.05 g of photocatalytic sorption material dispersed in 50 ml of demineralized water. As 
a dye simulant, we used methylene blue. Starting concentration of the dye was 2 mg/l. The maximum emission 
of LED light source for activation of photocatalytic reaction was at 415 nm. Measuring laser light source peak 
was at 637 nm and intensity measurement was done as an intensity integral from 634 to  
640 nm. TiO2 P25 was used as standard for comparison, where UVA LED light source was used for 
decomposition of adsorbed methylene blue before repeated sorption test. 

3. RESULTS AND DISCUSSION 

Nanocomposite ZnO-m·SiO2/g-C3N4 was prepared by sonication of intensively stirred mixture of precursors 
and dried by vacuum freeze drying (see chapter 2.3 for more details). Dried form was calcinated for 1 hour at 
500 °C. 
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The specific surface area has important impact on sorption material performance. The SSA of  
ZnO-m·SiO2/g-C3N4 was determined as 238 m2/g. It has higher SSA than exfoliated g-C3N4, which has SSA 
of 157 m2/g. It is mostly due to silica structure. SSA of TiO2 and bulk g-C3N4 was 68 m2/g and 23 m2/g, 
respectively. TEM micrograph shows coverage of exfoliated g-C3N4 nanosheets by ZnO-m·SiO2 nanoparticles 
(Figure 1). 

 

Figure 1 TEM micrograph of ZnO-m·SiO2/g-C3N4 nanocomposite 

EDX analysis from SEM microscope showed its composition (Figure 2) and confirmed ZnO-m·SiO2 structure 
connected with g-C3N4 nanosheets. 

 

Figure 2 EDX element analysis of ZnO-m·SiO2/g-C3N4 nanocomposite powder 

Exfoliated g-C3N4 nanosheets and prepared composite were subjected to the test of photocatalytic activity. It 
took 50 minutes to decompose adsorbed methylene blue in the presence of pure exfoliated g-C3N4 and 75 
minutes for ZnO-m·SiO2/g-C3N4. Nanocomposite ZnO-m·SiO2/g-C3N4 was more suitable for sorption 
processes due to its higher specific surface area and possibility of further modifications allowed by silica 
structure [11]. 
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On Figure 3 are kinetic characteristics of methylene blue sorption on TiO2 and on Figure 4 kinetic 
characteristics of methylene blue sorption on ZnO-m·SiO2/g-C3N4. 

 

Figure 3 Kinetic characteristics of methylene blue sorption on primary pure TiO2 (blue) and sorption of the 
same material in secondary form after photocatalytic reactivation (red). Dashed line is linear regression in 

linear area used for calculation of rate constant 

The sorption capacity of TiO2 remained almost same after photocatalytic reactivation. TiO2 is not good sorbent 
especially because of its SSA but it was used as comparison because of its standard photocatalytic properties. 

 

Figure 4 Kinetic characteristics of methylene blue sorption on primary pure ZnO-m·SiO2/g-C3N4 (blue) and 
sorption of the same material in secondary form after photocatalytic reactivation (red). Dashed line is linear 

regression in linear area used for calculation of rate constant. 

Nanocomposite ZnO-m·SiO2/g-C3N4 showed much better performance than TiO2. The half-time of sorption on 
ZnO-m·SiO2/g-C3N4 nanocomposite was only 30 s. Rate constants of adsorption tests were calculated from 
linear parts of acquired data for both samples. Values are 0,004 s-1 for ZnO-m·SiO2/g-C3N4 nanocomposite 
and 0.0001 s-1 for TiO2. It showed that ZnO-m·SiO2/g-C3N4 is much more suitable for sorption processes. 
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4. CONCLUSION 

Nanocomposite ZnO-m·SiO2/g-C3N4 was successfully prepared by sonication of intensively stirred dispersion 
of exfoliated g-C3N4 and zinc acetate while sodium water glass was slowly dripping into the solution. 
Photocatalytic sorbent was characterized by TEM and EDX and was subjected to sorption tests. The presence 
of silica structure containing composite ZnO-m·SiO2 nanoparticles on g-C3N4 nanosheets was confirmed. SSA 
of ZnO-m·SiO2/g-C3N4 nanocomposite, determined by BET analysis, is 238 m2/g. Complete degradation of 
methylene blue in 75 minutes confirmed its photocatalytic activity and reactivation after saturation with 
methylene blue of given material was performed. 

Nanocomposite ZnO-m·SiO2/g-C3N4 and TiO2 were subjected to photocatalytic reactivation under the LED 
light source irradiation. Results confirmed that this method can be used for full reactivation of photocatalytic 
sorbents. Nanocomposite ZnO-m·SiO2/g-C3N4 showed more faster sorption than TiO2. The half-time of 
sorption process was only 30 s. In the follow up research the influence of ZnO-m·SiO2 porosity and its ratio 
with g-C3N4 on reactivation process will be studied and optimized. Although there was difference in sorption 
properties of both samples, photocatalytic reactivation was successful, reproducible and sorption capacity 
remained the same for both samples after photocatalytic reactivation. It indicates universality of this method 
and its independency on sorption kinetics. 
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Abstract  

The aim of this work was to investigate features of propane conversion in the presence of samarium, 
lanthanum, europium vanadate and samarium, lanthanum, europium vanadite. The conversion of propane 
was studied in the presence of samarium, lanthanum, europium vanadate and samarium, lanthanum, europium 
vanadite synthesized by solid-phase method. MeVO4 (Me=La, Sm, Eu) crystallized in the zircon structural type, 
while MeVO3 (Me=La, Sm, Eu) had a perovskite-like structure It was shown that MeVO3 (Me=La, Sm, Eu) 
catalyzes mainly the process of propane cracking to form methane and ethylene, and MeVO4 (Me=La, Sm, 
Eu) equally accelerates both cracking and the dehydrogenation of propane. 

Keywords: Dehydrogenation, propylene, rare-earth vanadates, cracking, light olefins 

1. INTRODUCTION 

There has recently been a great increase worldwide in the production of propylene, an important large-scale 
intermediate product for subsequent synthesis of polypropylene, acrylonitrile, and propylene oxide [1]. There 
are several methods for the industrial production of propylene; most prominent among these are the cracking 
of naphta and the FCC process [2]. Several studies [4-6] have shown that compounds with vanadium-
containing anions are capable of catalyzing the dehydrogenation of light hydrocarbons. It is also known that 
rare-earth elements can be used as the components of dehydrogenation catalysts [7-9] and can increase their 
durability. The development of catalytic systems containing both vanadium and rare-earth elements is thus 
very promising. Note that rare-earth vanadates have zircon- like structures [10], while rare-earth vanadites 
have perovskite-like structures [11]. These types of structures have high thermal stability, while perovskite- 
like structures are permeable to oxygen. The aim of this work was to investigate features of propane conversion 
in the presence of samarium, lanthanum, europium vanadate and samarium, lanthanum, europium vanadite. 

2. METHODS 

Catalytic activity of aerogels were studied at atmospheric pressure in a catalytic fluid cracking unit with a quartz 
reactor, the loading of the catalyst was 0.05 g. Propane of high purity (99.98 mass %) was used as a raw 
material. The flow rate was 1.25 ml/s. Analysis of the reaction products was carried out by means of a 
chromatograph Crystal 2000M (Russia). The results of the catalytic conversion were compared with the data 
of thermal cracking. As-prepared samarium, lanthanum, europium vanadate and samarium, lanthanum, 
europium vanadite were used as the catalyst in the cracking of pure propane. The catalyst was placed in a U-
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shaped quartz reactor, and propane was passed at atmospheric pressure with the flow rate of 1.25 mL/s. The 
temperature in reactor was set by the electric furnace and checked by the chromel-alumel thermocouple. 

The parameters of the porous structure were determined from the nitrogen vapors adsorption isotherms at 77 
K using the high-vacuum volumetric equipment ASAP-2020 MP (Micromeritics, USA) in the range of relative 
pressures from 10-6 to 0.99. Before the measurements the samples were outgassed at 473 K. 

The chemical composition analysis of catalytic systems was determined using the high-precision X-ray 
fluorescence (XRF) spectrograph Clever-C31 (Russian Federation). 

The X-ray structure analysis (XRD) was performed using the high-precision X-ray diffractometer PANalytical 
EMPYREAN (Nalkho Techno SA) with monochromatic CuKa-radiation and reflection geometry. 

3. EXPERIMENTAL 

Analytically pure vanadium(V) and samarium, lanthanum, europium (III) oxides were used as the initial 
materials for the synthesis of samarium, lanthanum, europium vanadite MeVO3 (Me=La, Sm, Eu). The initial 
components were preliminarily calcined in a muffle furnace at 450°C for 5 h to remove moisture and adsorbed 
CO2. MeVO4 (Me=La, Sm, Eu) was prepared via high-temperature solidphase synthesis, according to the 
reaction 

Me2O3 + V2O5 → 2MeVO4   Me=La, Sm, Eu 

This required thorough homogenization of stoichiometric amounts of vanadium(V) and samarium, lanthanum, 
europium (III) oxides by grinding in the presence of ethyl alcohol in an agate mortar, compression into tablets, 
and subsequent step annealing in a muffle furnace at 550°C for 3 h, at 650°C for 3 h, and at 750°C for 3 h. 
The stepwise temperature rise was due to the possibility of V2O5 melting (Tmp = 670°C). The annealed 
samples were grinded again in order to homogenize them and then annealed for another 4 h at a temperature 
of 950°C to obtain a well-formed structure. Samarium, lanthanum, europium vanadite MeVO3 (Me=La, Sm, 
Eu) was prepared from MeVO4 (Me=La, Sm, Eu) via high-temperature reduction. A sample of finely-ground 
MeVO4 (Me=La, Sm, Eu) was placed in a molybdenum boat in a tube furnace, heated in hydrogen to a 
temperature of 900°C for 1 h, and allowed to stand at this temperature for a further 4 h. The volumetric 
hydrogen feed rate was 500 h−1. 
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All of the synthesized samples were studied via X-ray powder diffraction (XPD). XPD was performed on a 
Rigaku X-ray diffractometer (Japan) equipped with an Ultima IV theta-theta goniometer (CuKα radiation) at a 
scanning step of 0.02° and a scanning time 1 s. The range of diffraction angle measurement was 2θ = 10°-
100° 

The X-ray powder diffraction patterns were indexed by means of homology, based on data from the 
international ICDD PDF-4 database. The crystal lattice parameters were refined using the RTP (X-ray Table 
Processor) program. 

The synthesized samarium, lanthanum, europium vanadate and samarium, lanthanum, europium vanadite 
were analyzed via X-ray powder diffraction to determine the structure and refine the parameters of the unit 
cells. MeVO4 (Me=La, Sm, Eu) crystallized in the zircon structural type (space group I41/amd, a = 7.272 Ѓ} 
0.006 A, and b = 6.391 Ѓ} 0.006 A), while MeVO3 (Me=La, Sm, Eu) had a perovskite-like structure (space 
group Pbnm, a = 5.384 Ѓ} 0.008 A, b = 5.580 Ѓ} 0.005 A, and c = 7.667 Ѓ} 0.008 A). 

 

Figure 1 The structure and refine the parameters of the unit cells 

The catalyst load was equal in all experiments. The rate of propane conversion was calculated using the 
equation 

loop
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Кw  [μmol/(g s)]          (1) 

where K is a correction coefficient, wex - is the exit velocity of the reaction mixture, s - is the area of the peak, 
and Vloop is the loop volume.  

The selectivity of each component was calculated according to the formula: 
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where nin - is the amount of propane involved in the reaction (μmol), and nrest - is the amount of unreacted 
propane (μmol). 

The results obtained via catalytic conversion were compared to the thermal cracking data. The degree of 
propane conversion was determined from the amount of reacted propane when a steady state was achieved: 

in

in

n
nn rest

             (3) 

4. RESULTS AND DISCUSSION 

The equilibrium adsorption isotherms of nitrogen vapors at 77 K exhibited the specific nonporous type features 
with the well-developed and reversible plateaus and the hysteresis loop in the capillary condensation range 
(III type). The parameters of porous structure of vanadates and vanadites are presented in Table 1. The 
specific surface area was determined by the BET method [12]. The micropore volume Wo and the conventional 
surface assigned with micropores, Smic , for the samples under study were calculated using the t-plot and MP 
comparative methods. The mesopore volume WBJH and the average pore size (2xoBJH) in the capillary 
condensation range were determined by the Barrett-Joyner-Holenda (BJH) method [13]. The pore size (two 
half pore width for the slit-like pores) 2xo was estimated as 4V/a in the BET area, where V is a total pore 
volume. and a is an adsorption value. The average pore size and the pore size distribution over the area of 
capillary condensation based on the desorption branch were obtained using the BJH model [13]. 

Table 1 The parameters of porous structure samarium, lanthanum, europium vanadate and samarium,  
  lanthanum, europium vanadite 

Catalysts Ssp, 
m2/г 

Wо, cm3/g 
Smic, m2/g 

WBJH, см3/г 
desorption/adsorption 

2xо, nm 
BET 

2xо BJH, нм 
desorption/adsorption 

LaVO3 1.5 24 0.034   /   0.041 10.8 11.2   /   11.4 

LaVO4 2.8 40 0.047   /   0.055 14.9 14.2   /   14.3 

SmVO3 2.5 39 0.047   /   0.045 12.3 13.2   /   13.3 

SmVO4 3.1 42 0.053   /   0.052 18.2 19.6   /   20.2 

EuVO3 2.6 39 0.047   /   0.046 13.1 13.9   /   14.3 

EuVO4 3.1 42 0.053   /   0.052 18.2 19.6   /   20.2 

For comparison, we conducted the noncatalytic conversion of propane. It was shown that propane conversion 
started at 773 K, was only 2% at 873 K, and raising the temperature to 923 K increased propane conversion 
to 21%; methane and ethane were the major products (Figure 2). Propane dehydrogenation thus does not 
occur under conditions of noncatalytic thermal cracking. In the presence of MeVO3 (Me=La, Sm, Eu) and 
MeVO4, (Me=La, Sm, Eu) a considerable increase in propane conversion was observed that reached 50% at 
923 K. In addition to shifting the degree of half-conversion toward lower temperatures, the selectivity with 
regard to olefin changed with respect to thermal cracking. 
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a b 

Figure 2 The degree of propane conversion a - samarium, lanthanum, europium vanadite b - samarium, 
lanthanum, europium vanadate 

However, the addition of rare-earth vanadites and rare-earth vanadates catalysts significanltly changed the 
ratio between the reaction products. In the case of catalytic conversion by activated vanadites of MeVO3 
(Me=La, Sm, Eu), the ethylene formation predominated. The mixture of products in almost equal proportions 
were obtained in the thermal decomposition until the resinification started. Ethylene is the main product of 
catalytic conversion of propane with usage of MeVO3 (Me=La, Sm, Eu) as catalysts unlike the case of the of 
MeVO4 (Me=La, Sm, Eu) rare-earth vanadates catalyst employment when the propylene yield prevailed. For 
all catalysts under study, the yield of light hydrocarbons increased in the temperature range 723-1073 K as 
compared with that for thermal cracking (Figure 3). 

  

a b 
Figure 3 Yields of alkenes: a - ethylene b - propylene 

The temperature dependence of ethylene selectivity of reaction (Figure 4) showed that the activated of MeVO3 
(Me=La, Sm, Eu) had a high selectivity in relation to ethylene formation (Figure 4). The yield of ethylene was 
of about 90% in the catalytic temperature range 773 - 1123 K, with a maximum of 93% at 923 K (before 
carbonization). In this case, the selectivity for the most important component as ethylene increased.  

Figure 4 evidenced that usage of MeVO4 (Me=La, Sm, Eu) led to the change of selectivity, and the basic 
product was propylene. In the catalytic temperature range 800-1000 K, the selectivity was over 40%. And the 
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hydrogen activation of the rare-earth vanadates catalyst to a shift of the maximum selectivity at Figure 4 in the 
region of lower temperatures, while it increased the selectivity up to 48%. at 923 K. 

    
a b 

Figure 4 Selectivity for alkenes versus temperature of reaction: for ethylene (a) and for propylene (b) 

On the MeVO4 (Me=La, Sm, Eu) catalyst, which has a zircon-like structure, the cracking process and the 
dehydrogenation of propane proceed equally. Since the cracking of propane is a first order reaction, the 
energies of activation for the process were calculated for all of the studied catalysts. This required constructing 
the patterns of the reaction rate logarithm as a function of the reciprocal temperature 

Deactivation was much faster with MeVO3 (Me=La, Sm, Eu), and it was observed after 20 h of operation at a 
rate that was slightly slower than the one for MeVO4 (Me=La, Sm, Eu). These results agree with the data on 
the selectivity of product formation. It was found that MeVO4 (Me=La, Sm, Eu) better catalyzes the 
dehydrogenation process, as a result of which the reaction mixture contains hydrogen. To some extent, this 
prevents the formation of condensation products on the catalyst’s surface, which in turn leads to a loss of 
catalytic activity. 

CONCLUSIONS  

The conversion of propane was studied in the presence of samarium, lanthanum, europium vanadate and 
samarium, lanthanum, europium vanadite synthesized by solid-phase method. It was shown that MeVO3 
(Me=La, Sm, Eu) catalyzes mainly the process of propane cracking to form methane and ethylene, and MeVO4 
(Me=La, Sm, Eu) equally accelerates both cracking and the dehydrogenation of propane.  
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Abstract 

In our investigations we prepared two different kinds of oxide coatings aiming for highly active photocatalytic 
properties and moreover deposition conditions, which could make them useful potentially also for temperature 
sensitive substrate materials. The first ones are titanium oxide thin films created by PECVD under atmospheric 
pressure conditions, Secondly, zinc oxide coatings were created by sol-gel technique via dip-coating. 
Investigations on the morphology (SEM), layer thickness (profilometry), and photocatalytic properties 
(decomposition of stearic acid after irradiation) were conducted. The results show the possibility to obtain 
layers with photocatalytic properties comparable with commercially available products even without any 
additional substrate heating during the plasma deposition or a thermal post treatment. However, thermal post 
annealing at 450 °C or flash lamp annealing can further improve this photocatalytic effect. Furthermore, first 
experiments showed that these coatings possess strong antimicrobial properties (towards bacteria and fungi). 

Keywords: Atmospheric pressure PECVD, sol-gel deposition, photocatalytic thin films, antimicrobial  
       properties, titanium oxide, zinc oxide, temperature sensitive materials 

1. INTRODUCTION 

Semiconductors, including TiO2, ZnO, WO3 and ZnS have been intensively investigated for solar applications 
[1]. Especially TiO2 is of great interest due to many unique properties. The high refractive index of TiO2 is 
suitable in optoelectronics for optical waveguides or antireflective coatings [2]. Other investigations were 
performed to optimize the high dielectric constant for e.g. memory cell capacitors [3] or linked to the high 
photocatalytic properties [4]. Zinc oxide (ZnO) is another available and inexpensive material of interest, 
because it shows also high photocatalytic and antimicrobial activity [5]. TiOx or ZnO thin films can be deposited 
by a variety of methods including chemical vapor deposition [6], sputtering [7], sol-gel [8] and others. However, 
CVD processes usually operate at higher substrate temperatures (e.g. 250 °C [9]) to obtain films with 
photocatalytic activity. Applying sol-gel processes, a thermal curing step at elevated temperatures (~450 °C 
[10]) is often necessary. Therefore, film deposition on temperature sensitive materials such as plastics, wood 
or textiles is not possible.  

In this work, films were created by use of a plasma jet (TiOx) and sol-gel technology (ZnO) on glass without 
additional heating of the substrate during film deposition. To further improve the photocatalytic activity of the 
as-deposited films, on the one hand a thermal post-treatment (at ~450 °C) can be applied. However, this step 
is not suitable for temperature sensitive materials. On the other hand, film properties could be improved by 
flash lamp annealing, whereby this post-treatment method can be applied on temperature sensitive materials. 
Furthermore, another improvement of photocatalytic properties could be achieved by the incorporation of silver 
into the plasma-jet deposited TiOx thin films [11]. This can lead to an increased activity even in the visible light 
spectral range. Moreover, silver shows high antimicrobial efficiency [12]. Hence, a combination of an improved 
photocatalytic activity and an improved antimicrobial effect could be achieved.  



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

303 

2. MATERIALS AND METHODS 

2.1. Film deposition 

Centrepiece of the used plasma deposition set-up is a blown arc device commercialized by Tigres GmbH 
(Marschacht, Germany) under its brand name CAT600. This device operates at power values from 50 to 
600 W. For our investigations, this value was fixed at 600 W. In first experiments, we used air and nitrogen as 
working gases. However, the use of air leads to the formation of visual more powdery films with low mechanical 
resistance. This was determined by comparison of film thickness before and after abrasion resistance test. 
Hence, nitrogen was used for all film deposition procedures depicted in the following paragraphs. TIPO 
(titanium (IV) diisopropoxide bis(acetylacetonate), 75 wt.% in isopropanol, Sigma Aldrich) was used as 
titanium-organic starting precursor to form TiOx films. Since this chemical compound is liquid at room 
temperature, the flow rate towards the plasma unit was controlled by a peristaltic pump and was set constant 
at a rate of 25 µl∙min-1. Additionally, silver nitrate Ag(NO3)2 solutions with 0.5 wt% Ag were introduced together 
with the TIPO using liquid flow rates of 0, 10, 20 or 40 µl∙min-1. The nebulization of the precursor took place by 
use of an atomizing system (patent EP2743373B1 [13]), which was also operating with nitrogen and 
furthermore, nitrogen was used as well as carrier gas to transport the aerosol to the plasma. Substrates were 
placed on a computer-controlled moving stage and were moved relatively to the plasma torch with a velocity 
of 250 mm∙s-1. In order to realize areal coatings this x-y-positioning system performed a meandering movement 
with a line distance of 1 mm. Overall 40 deposition runs were carried out to successively grow the thin layer. 

In order to create ZnO thin films on glass slides a sol-gel dip-coating method was used. Sols with different Zn+ 
concentrations of 0.1 M, 0.3 M and 0.5 M were prepared by dissolving zinc acetate dihydrate 
[Zn(CH3COO)2.2H2O] into 100 ml of isopropanol (80 °C). After addition of zinc acetate to the isopropanol a 
white and murky dispersion was created. Monoethanolamine (molar ratio Zn2+ to monoethanolamine: 1:1) was 
added drop-wise to the sol and a clear and transparent solution was achieved. The sol was then stirred at 80 
°C for about 2 h to accelerate the hydrolysis reaction. After this step the sol was allowed to cool down to room 
temperature and aged for at least 24 h. Dip-coating was performed at a withdrawal speed of 100 mm∙min-1 to 
create ZnO films on the substrate materials. In order to evaporate the solvent and cure the films substrates 
were stored at 80 °C for 24 h.  

2.2. Characterization 

Film thickness determination was carried out using a surface profilometer Alpha-Step D-600 (KLA Tencor, 
Milpitas, USA) with a scan length of 2000 µm. To get the step height, the substrates were prepared with a 
dissolving material. After deposition procedure this material could be easily dissolved in Isopropanol. Scanning 
electron microscopy (SEM) was performed with a Supra 55 VP (Carl Zeiss NTS GmbH, Oberkochen, 
Germany) using the inlense detector and an operating voltage of 5 kV in order to analyse the thin film 
morphology. Photocatalytic activities were evaluated by the observation of the degradation of stearic acid using 
FT-IR transmission spectra collected by a MB3000 FT-IR spectrometer (ABB, Zurich, Switzerland) in the 
spectral range of 2000 cm-1 to 4000 cm-1 with a resolution of 2 cm-1. Stearic acid deposition on the films took 
place in a vacuum chamber by thermal evaporation. This preparation procedure has led to approximately 100 
nm thick stearic acid films. After this, the samples were stored under dark conditions and then exposed to a 
daylight lamp (Ultra-VITALUX® sun lamp, OSRAM) placed 250 mm above for 3 hours. After 30, 60, 120 and 
180 min of exposure FT-IR measurements of the CH3 and CH2 stretching mode peak areas were performed. 
The photocatalytic activity of TiOx films deposited by use of the atmospheric plasma jet and ZnO sol-gel dip-
coating was compared with the activity of commercially available photocatalytic glass. CFU microbial cell 
viability assay tests were performed to evaluate the antibacterial properties of coated glass surfaces. In these 
tests, the antibacterial effect of the coatings on the non-pathogenic gram-negative bacteria Escherichia coli 
HB 101 was determined. For the tests, glass discs (Ø = 14 mm) were immersed in 500 µl of a bacteria 
suspension (about 2 x 106 cells∙ml-1) in physiological saline (0.9 % (w/v)) and incubated for 3 h. Subsequently, 
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volume parts of 100 µl of each tested suspension were diluted 10-fold, 100-fold, 1000-fold and 10000-fold and 
30 µl of each dilution was inoculated on agar plates and cultivated for 18 h at 37 °C. A more detailed description 
can be found elsewhere [12].  

3. RESULTS 

3.1. Layer properties 

Film thicknesses of the TiOx films deposited by atmospheric pressure PECVD were in the range of 118 ± 8 nm. 
ZnO films created by sol-gel dip-coating had thicknesses of 30 ± 3 nm, 68 ± 4 nm and 93 ± 6 nm using the 0.1 
M, 0.3 M or 0.5 M Zn2+ sol concentrations, respectively. Figure 1 shows the SEM images of TiOx deposited by 
atmospheric plasma jet and ZnO films prepared by sol-gel dip-coating procedure (0.3 M Zn2+ concentration). 
The cross-sectional view of the TiOx films is given and indicated by (a). TiOx films appear porous and 
homogenous with a columnar-like structure. However, also larger particles and agglomerates can be seen. 
Agglomerate sizes can reach up to ~200 nm. Such a cauliflower-like structure is indicative of a mass-transport 
limited regime due to fast depletion of the precursor in the plasma. The fast depletion of the precursor led to 
the formation of clusters. These clusters can either form the thin film or agglomerate in the gas phase and form 
larger agglomerates, which were attached to the thin film surface. SEM cross-sectional images (b) suggest 
that ZnO films were formed by packing of ZnO granules. Furthermore, the films appear porous but very 
homogenously without large particles or agglomerates on the surface.  

 
Figure 1 Cross-sectional SEM images of (a) TiOx films deposited by atmospheric pressure PECVD and (b) 

ZnO films deposited by sol-gel dip-coating (0.3 M Zn2+ sol concentration) 

3.2. Photocatalytic activity 

The photocatalytic response of TiOx and ZnO films were investigated by the photodegradation of stearic acid 
under daylight lamp irradiation. The photocatalytic effect was compared with the effect of a commercially 
available photoactive glass. From Figure 2 it is obvious that no photodegradation of the stearic acid occurs on 
substrates without an active film (Glass (reference)). As-deposited films are depicted on the left-hand side 
(Figure 2 (a)). With increasing the Zn2+ of the sol from 0.1 M, to 0.3 M and 0.5 M and therewith the film 
thickness, the starting CH3 and CH2 peak area could be reduced to ~80 %, ~65 % and ~55 % after 3 h 
irradiation, respectively. One possible explanation for this behaviour could be an increasing total surface area 
of the porous film with increasing film thickness. A decrease of the stearic acid peak area to ~53 % was 
achieved by the photocatalytic glass and hence, the photodegradation effect is comparable with the effect of 
ZnO thin films created by sol-gel dip-coating using the 0.5 M concentration. Compared to this, the 
photocatalytic effect of the TiOx films deposited by atmospheric pressure PECVD were in general higher with 
a stearic acid peak area reduction to ~30 % for undoped films. By doping of the TiOx films with silver using 
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silver nitrate solution flow rates of 10, 20 and 40 µl∙min-1 additional to the TIPO precursor the photocatalytic 
effect could be improved and peak area reductions to ~19 %, ~3 % and ~15 % could be achieved, respectively. 
The best effect could be obtained using a flow rate of 20 µl.min-1. Experiments showed that the addition of 
silver can help to increase the photocatalytic effect. From literature [11] it is known that the presence of Ag+-
ions can separate the electron hole pairs by attracting the conduction band electrons and recombination is 
avoided. Thus, the photogenerated holes in the valence band are free to react with electron acceptors such 
as oxygen creating oxygen radicals [15]. With increasing the silver loading of the TiOx films by using flow rates 
of 40 µl.min-1 the photocatalytic effect became weaker compared to films created using flow rates of 10 or 20 
µl.min-1. This could be caused by differences in the total surface area exposed to the irradiation. With increasing 
the silver content a partial occupancy of the reactive titanium oxide sides by silver could be possible. So, there 
could be a competition between the Ag+ synergetic effect and the presence of Ag catalyst agglomerates on 
the titania surface. These agglomerates shouldn’t have any degradation effect on the stearic acid and could 
act as a barrier.  

 
Figure 2 Stearic acid degradation: Relative band area (band area of CH2 and CH3 stretching vibrations from 

stearic acid) vs. irradiation time of as-deposited thin films (a) and post-treated thin films (b) 

To improve the photocatalytic effects of TiOx or ZnO thin films it is also possible to connect the film deposition 
procedure with a post-treatment step. Films were heat treated in a furnace for 1 h at 450 °C under ambient 
atmospheric conditions or by flash lamp annealing using a DTF-FLA-D100PA from DTF Technology Dresden 
(one pulse, millisecond duration) under nitrogen atmosphere. Results of stearic acid degradation tests are 
shown in Figure 2 (b). After heat treatment the ZnO thin films showed a significantly increased photocatalytic 
effect and stearic acid band areas were reduced to 35 % after 3 h irradiation. An even better effect was 
achieved after flash lamp annealing and the stearic acid peak was reduced to 9 % after 3 h. The flash lamp 
annealing in terms of photocatalytic effect was also beneficial for TiOx thin films deposited by use of the 
atmospheric pressure plasma jet. Whereas only a reduction to 30 % of the stearic acid band area was 
observable after 3 h irradiation for the as-deposited films, no stearic acid was detectable after 3 h for the flash 
lamp annealed films. The highest improvement of the photocatalytic effect was achieved by conventional heat 
treatment and no stearic acid could be detected already after 30 min irradiation. However, the conventional 
heat treatment is not suitable for temperature sensitive materials.  

3.3. Antimicrobial properties  

The antimicrobial test (CFU) results are shown in Figure 3. Among all tested films, the ZnO thin films deposited 
by sol-gel dip-coating showed the strongest antimicrobial effect, independent of the used Zn2+ sol 
concentration. No CFU could be found on the Agar plates after the 18 h cultivation step (exemplarily shown 
for ZnO film deposited by use of 0.3 M Zn2+ concentration), which means a reduction in bacterial growth of at 
least log 4 is achieved. The as-deposited TiOx films showed an inhibitory effect towards the bacteria and the 
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total number of CFU was reduced to ~60 % with respect to uncoated glass. By addition of silver to the TiOx 
films an increased bactericidal effect was achieved and CFU was reduced to ~52 %, ~43 % and ~1 % using 
Ag solution flow rates of 10, 20 and 40 µl.min-1, respectively. So a clear increase of the antimicrobial behaviour 
with increasing silver concentration could be detected. 

 
Figure 3 Colony-forming unit (CFU) test results including agar plates for uncoated, ZnO film sol-gel dip-

coated and TiOx films containing silver deposited by plasma jet on glass 

In first experiments on temperature sensitive wood materials these ZnO coatings showed also improved 
resistance of the substrates towards mould fungi (Aspergillus niger, Paecilomyces variotii, Penicillium 
funiculosum, Trichoderma viride). This will be investigated in more detail by further experiments. 

4. CONCLUSION 

Aim of this study was to create thin films with beneficial photocatalytic and antimicrobial properties under 
atmospheric pressure and at low (< 100 °C) temperatures. Undoped TiOx and ZnO films could be successfully 
deposited by an atmospheric pressure PECVD process using a plasma jet and a sol-gel dip-coating method 
on glass slides, respectively. Additionally, TiOx could be doped with silver to further improve these properties. 
The as-deposited films were also post-treated either by a conventional furnace annealing at 450 °C or - with 
view on temperature sensitive substrates - by flash lamp annealing. SEM investigations exhibit a columnar-
like growth structure of the plasma jet deposited TiOx films. Contrary, the ZnO films were more flat and 
composed of a package of ZnO granules. Both films appear porous whereby this characteristic is desired for 
photocatalytic applications. Stearic acid degradation tests showed the possibility to create films with favourable 
photodegradation properties even in the as-deposited condition. With increasing the Zn2+ concentration of the 
ZnO sol the film thickness and photocatalytic effect increased. The TiOx thin films showed in general higher 
photocatalytic degradation than the ZnO films. This strong effect could be further improved by Ag-doping, 
whereby the highest effect was achieved using Ag solution flow rates of 20 µl.min-1. Photodegradation 
properties of ZnO were also improved by heat treatment at 450 °C and flash lamp annealing, whereby the 
improvement was higher using flash lamp annealing. An improvement by flash lamp annealing could also be 
achieved for TiOx films, however for these films the conventional heat treatment was superior. Among the 
deposited films, ZnO sol-gel films showed the strongest antimicrobial effect and no CFU could be found on 
agar plates. The TiOx films itself showed a small inhibitory effect towards bacteria, which could be further 
improved by Ag-doping. A clear decrease of the number of CFU was achieved by increasing the Ag-content 
of the films. These film deposition processes may provide a valuable alternative to modify temperature 
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sensitive materials in comparison to more commonly used technologies operating under vacuum conditions or 
using high substrate temperatures. Moreover, flash lamp annealing seems to be a beneficial method to post-
treat such films, since this process is in general in-line capable, fast and even suitable for temperature sensitive 
materials. 
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Abstract 

We set ourselves the task to perform a systematic study of the ortho-para conversion of protium catalyzed by 
γ-Al2O3-supported gold nanoparticles of various sizes at a temperature of 77 K. Our results unambiguously 
indicate that nanoparticles, as opposed to the bulk metal, shown a high catalytic activity. It is exhibited that all 
Au/γ-Al2O3 catalysts with nanoparticles of 4.6-40.1 nm sizes show very high catalytic activity in ortho-para 
conversion reaction. The calculated specific catalytic activity Ksp of ortho-para hydrogen conversion were (3.9 
± 1.2) × 1014 mol cm-2∙s-1 for all of the catalysts tested. The conversion of o-protium to p-protium catalyzed by 
gold nanoparticles does not depend on the nanoparticle size. 

Keywords: Gold nanoparticles, protium, ortho-para conversion, size effect, hydrogen 

1. INTRODUCTION 

Gold nanoparticles, unlike the bulk metal, are able to catalyze many organic reactions. This is characteristic 
of particles supported on various materials [1-4] and particles in an aqueous solution [5-7]. It was shown that 
the smaller the particle size, the higher the specific catalytic activity. The highest efficiency was found for gold 
particles of 3 ≤ d ≤5 nm size [8-10]. As the particle size increases, the catalytic activity considerably decreases. 
For reactions involving molecular hydrogen, this size dependence of the catalytic activity is attributed to the 
structural state of the particle surface. Presumably, a decrease in the particle size is accompanied by relative 
increase in the number of low-coordination faces and corners [3, 11]. Large number of low-coordinated atoms 
in small particles leads to activation and dissociation of hydrogen molecules on the gold surface. There is a 
certain correlation between the catalytic activity of gold nanoparticles of various size and the number of low-
coordination faces and corners [5, 10]. 

Previously, we found [12] that gold nanoparticles supported on γ-Al2O3 show catalytic activity in the 
homomolecular hydrogen isotope exchange Н2 + D2 ↔ 2HD. The most pronounced difference between the 
catalytic properties of particles is observed at low temperature (77 K). The specific rate of the catalytic reaction 
on smaller particles (4.6 nm) is about 20 times as high as that on larger particles (19.4 nm). It was also shown 
that gold nanoparticles catalyze the ortho (o)-to-para (p) hydrogen conversion. The reaction rate is almost two 
orders of magnitude higher than the isotope exchange rate. Preliminary experiments showed unexpectedly 
that the specific reaction rate does not depend on the nanoparticle size. These results indicate that the ortho-
para hydrogen conversion catalyzed by gold nanoparticles follows a different mechanism not inherent in 
organic synthesis reactions involving hydrogen. 

The ortho-para conversion of hydrogen is the transition of ortho-protium (nuclear spins of atoms in the molecule 
point in the same direction) to the para-protium (nuclear spins point to the opposite directions). The reaction 
involves two hydrogen molecules, i.e., it is bimolecular. Unlike the liquid phase in which the orth--para 
conversion is spontaneous, in the gas phase, this reaction barely proceeds, which is caused by very weak 
interaction between the o-H2 and p-H2 molecules. In contrast to the gas phase, o-p conversion is promoted on 
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various solid surfaces [13, 14] by, in particular, silver [15-19], copper [20, 21], graphite [22, 23], and supported 
chromium and ferric oxides [24-27]. 

The spin conversion mechanism has been considered by B. F. Minaev et al. [28] and G. Buntkowsky et al. 
[29]. The o-p H2 conversion is considerably promoted in the presence of magnetic materials and is induced by 
the magnetic dipole interaction and Fermi contact interaction [30-32]. The mechanism of o-p H2 conversion on 
nonmagnetic metal surfaces has been attributed to the Coulomb-contact model [14, 17]. Recent progress of 
experimental and theoretical studies on the physisorption and ortho-para conversion of molecular hydrogen is 
discussed in a review by K. Fukutani et al. [13]. 

The ortho-para conversion of protium in hydrogen gas can be considered as a model reaction for studying the 
mechanisms of interactions of molecular hydrogen with the catalyst surface. This process is important for the 
low-temperature distillation technique for hydrogen isotope separation and for liquefaction and storage of liquid 
hydrogen. Previously, ortho-para hydrogen conversion catalyzed by metal nanoparticle-based systems has 
been scarcely studied. 

We set ourselves the task to perform a systematic study of the ortho-para conversion of protium catalyzed by 
γ-Al2O3-supported gold nanoparticles of various sizes (from 4.6 nm to 40.1 nm) at a temperature of 77 K. Our 
results unambiguously indicate that nanoparticles, as opposed to the bulk metal, exhibit a high catalytic activity. 
However, the specific rate of this reaction, unlike that of organic reactions involving molecular hydrogen, 
virtually does not depend on the particle size. 

2. EXPERIMENTAL 

Gold nanoparticles were obtained by reducing AuCl4- ions with citrate ions in aqueous solutions with heating 
according to the Turkevich procedure [33]; on exposure to pulsed UV radiation [5, 34]; combined reduction 
with citrate ions and hydrogen [5]; and reduction with tannin [36]. The syntheses were monitored by 
spectrophotometry by observing the optical absorption of the surface plasmons of gold nanoparticles at 510-
540 nm. 

The nanoparticle size and shape were determined by transmission electron microscopy (TEM) on JEOL JEM-
2100 instruments. Using the described methods, gold hydrosols with the following particle size were obtained 
and characterized: 4.6 ± 0.8, 7.4 ± 1.1, 14.4 ± 2.2, 19.4 ± 4.2, 20.5 ± 4.5, 28.1 ± 0.5, and 40.1 ± 5.4 nm. Gold 
nanoparticles were mainly spherically shaped and have unimodal size distributionIt. 

The catalyst was obtained by depositing gold nanoparticles on γ-Al2O3 from an aqueous solution. For this 
purpose, 1 g of γ-Al2O3 was added with stirring to 5 ml of a solution of colloid gold and kept for 24 h. According 
to spectrophotometric data, almost the whole amount of the metal (more than 95 %) was attached to the 
support. Then alumina with supported gold was calcined at 573 K in air for 3 h and then heated in a vacuum 
to decompose organic compounds and attach the particles to the support. 

The specific surface area of the catalysts was determined by measuring the low-temperature hydrogen 
adsorption (77 K) in the pressure range from 0.01 to 0.2 Torr until the monolayer coverage was formed. 

The kinetics of ortho-para conversion of protium was studied under static conditions at a working pressure of 
0.5 Torr and a temperature of 77 K. The gas mixture composition was measured continuously by a method 
based on different rotational heat capacity of o-H2 and p-H2 at low temperature. This was done using a classical 
modified two-cell system [36]. The working cell was a part of the reaction volume, while the reference cell was 
filled with the mixture of the starting composition. The cells had equal volumes and were maintained under 
identical conditions, being incorporated in a Wheatstone bridge circuit. Copper coils located close to each 
other in the circuit, preventing the temperature drift during operation, served for stabilization of the 
microvoltmeter readings. 
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3. RESULTS AND DISCUSSION 

It was found that the ortho-para hydrogen conversion does not take place on the support without gold 
nanoparticles and also that it does not occur on bulk gold. Thus, hydrogen conversion is activated by 
nanoparticle deposition. 

The rate of ortho-hydrogen conversion to para-hydrogen during the ortho-para conversion reaction is written 
as 

-d[o-H2]/dt = k[o-H2]           (1) 

This reaction gives para-hydrogen, the concentration of which will be designated by [p-H2]. The initial o-H2 
concentration is [o-H2]0 and, hence, the current concentration [o-H2]t = [o-H2]0 - [o-H2]х, where [o-H2]х is the 
concentration of o-H2 that reacted and, hence, of p-H2 that formed. Then, the kinetic equation for the first-order 
reaction and the solution has the following form: 

d[p-H2]/dt = k([o-H2]0 - [o-H2]х)          (2) 

[p-H2]t = [o-H2]0(1 - e-kt)           (3) 

For the boundary conditions: when t = 0, then [p-H2] = 0; when t  , then [p-H2]  [p-H2]. 

The degree of ortho-para hydrogen conversion F is given by 

F = [p-H2]t/[p-H2] = nt/n = 1 - e-kt         (4) 

where nt is the signal (in relative units) proportional to the p-H2 concentration at time point t; n is the signal in 
the same units after a time sufficient for the equilibrium to be established. 

ln(1-F) = -kτ            (5) 

where k is the reaction rate constant measured experimentally. 

 
Figure 1 Experimental kinetic curves for o-p hydrogen conversion (a) and graphical determination of the rate 

constants (b) for catalysts containing 4.6 and 28.1 nm gold nanoparticles 

Using experimental data, kinetic curves were constructed (Figure 1a) and then the degrees of exchange F 
were determined from the curves. The rate constants for the first-order reaction k0 (Figure 1b) were calculated 
from the slope of the straight line plotted in the -ln(1-F) - () coordinates. The data of Figure 1 clearly 
demonstrate that the kinetic dependences for the ortho-para hydrogen conversion obtained for catalysts 
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containing 4.6 nm and 28.1 nm nanoparticles virtually coincide. That is, the process is almost independent of 
the gold particle size. 

The specific catalytic activity Ksp is defined as the first-order rate constant k0 divided by the catalyst active 
surface area SH with allowance for the number of hydrogen atoms present in the reaction volume at the given 
temperature NT. The NT value is determined from the preliminary calibration of the reaction volume. Thus, 

Ksp = k0NT/SH [molecule / (cm2∙s)]         (6) 

 
Figure 2 Size dependence of the specific catalytic activity of gold nanoparticles in ortho-para hydrogen 

conversion at 77 K 

The results of experiments showed that, as was to be expected, the SH value decreases with increasing gold 
particle size. This trend is quite clear-cut. Indeed, for the catalyst containing gold particles of 4.6 nm size, the 
SH value is 0.11 m2 / g, while that for 40.1 nm particles is 0.08 m2 / g. It was found that all catalyst samples 
with gold nanoparticles of 4.6, 7.4, 14.4, 19.4, 20.5, 28.1, and 40.1 nm sizes exhibited very high catalytic 
activity. The specific catalytic activity Ksp of ortho-para hydrogen conversion was (3.9 ± 1.2) × 1014 molecules 
/ (cm2∙s) for all of the gold nanoparticles tested. In other words, the conversion of ortho-protium (with nuclear 
spins of atoms in the molecule pointing in the same direction) to para-protium (with nuclear spins pointing in 
the opposite directions) catalyzed by gold nanoparticles does not depend on the nanoparticle size  
(Figure 2). This implies that the ortho-para hydrogen conversion follows a mechanism different from that of 
H2-D2 exchange where the specific catalytic activity has a clear-cut dependence on the particle size [13]. 

The catalytic activity of gold nanoparticles of various sizes towards the ortho-para hydrogen conversion  
(3.9 × 1014 molecules / (cm2 s)) is much higher than that towards H2-D2 exchange. Indeed, for 4.6 nm and 19.4 
nm particles, the Ksp values for isotope exchange were 1.4 × 1013 and 6.3 × 1011 molecules / (cm2 s), 
respectively [13]. That is, the Ksp values for the ortho-para conversion at 77 K are approximately  
30 (for 4.6 nm) and even 600 (for 19.4 nm) times as high as those for H2-D2 exchange reactions. This difference 
cannot be attributed to the kinetic isotope effect (in this case, the difference would be 2-4 times). It is evident 
that the isotope exchange and ortho-para conversion reactions follow different mechanisms. The mechanism 
of H2-D2 exchange is chemical and involves dissociative absorption of hydrogen [12]. The ortho-para 
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conversion of protium is apparently promoted by the specific state of the gold nanoparticle surface. Owing to 
the very small size, the nanoparticles contain a very high fraction of surface atoms, which, unlike the bulk 
atoms, have dangling valences. Apparently, this endows the surface with special electromagnetic properties. 
Presumably, as opposed to the bulk metal, which is diamagnetic, gold nanoparticles behave as ferromagnets 
at low temperature and form a magnetic field, which induces the spin flip in protium nuclei. Gold nanoparticles 
indeed exhibit ferromagnetism not inherent in the bulk material [37]. According to the data of the study cited, 
the external magnetic field and temperature dependence of the ESM signal suggests that magnetization of Au 
nanoparticles consists of a superparamagnetic part obeying the Curie law and a temperature-independent 
Pauli-paramagnetic part. The mixture of these components is reasonably explained by the picture that the 
surface atoms are ferromagnetic and the bulk atoms are Pauli-paramagnetic. Indeed, in a number of 
publications, the presence of ferromagnetic properties in nanosized gold particles was detected experimentally 
[38]. Previously, it was demonstrated [5] that hydrogen adsorption of gold nanoparticles induces a shift of the 
optical band for surface plasmon resonance to shorter wavelengths. This attests to increase in the electron 
density on gold particles as a result of hydrogen adsorption. Apparently, the weak coupling between the 
hydrogen and the gold surface is a prerequisite for the observation of spin polarization. Presumably, ortho-
para hydrogen conversion is rate-limited by the hydrogen adsorption-desorption on gold nanoparticles. 

4. CONCLUSION 

It is exhibited that all Au/γ-AL2O3 catalyst with nanoparticles of 4.6-40.1 nm sizes show very high catalytic 
activity in ortho-para conversion reaction. The calculated specific catalytic activity Ksp of ortho-para hydrogen 
conversion were (3.9 ± 1.2) × 1014 molecules / (cm2∙s) for all of the catalysts tested. The conversion of o-
protium to p-protium catalyzed by gold nanoparticles does not depend on the nanoparticle size. 
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Abstract  

Titanium catalysts are important materials for many types of oxidation reactions. Conventionally prepared 
microporous titanosilicate, namely TS-1, is well-known catalyst used in oxidation reaction with hydrogen 
peroxide. Since the size restriction of pores in microporous catalysts limits their wide application, large effort 
has been invested in order to prepare new types of catalysts with expanded surface area and pore size. Such 
new type of catalyst, mesoporous TS-1, was compared with conventional microporous TS-1 in our study. 
Besides the typical reactions, e.g. epoxidations, oxidation of sulfides represents another important branch of 
application. This type of reaction leads to the preparation of organic sulfoxides and sulfones, which are 
important chemical intermediates and building blocks of pharmaceutical and agrochemical compounds. Our 
study is focused on the testing of both types of catalysts, i.e., microporous TS-1 and mesoporous TS-1, in the 
oxidation of methyl phenyl sulfide with 30% hydrogen peroxide, and the influence of the structure in 
conversions of reagents and the selectivity to products was described. Samples were studied using BET 
analysis and X-ray powder diffraction analysis. The morphology of the samples was observed by atomic force 
microscopy. 

Keywords: TS-1, titanosilicate, oxidation, atomic force microscopy, catalysis  

1. INTRODUCTION  

Titanosilicate zeolites are industrially used mostly for oxidation and epoxidation of organic compounds such 
as alkanes, alkenes and aromatics [1,2]. Due to the titanium as a center of catalytic activity it is possible to use 
aqueous hydrogen peroxide as an oxidizing agent which provides active oxygen [3]. 

Selective oxidation of organic sulfides is important chemical reaction, which produces sulfoxides and sulfones. 
These compounds are known to be valuable intermediates and building blocks of pharmaceuticals and 
agrochemicals. Sulfoxides are used as well as intermediates for preparation of chemically and biologically 
active molecules [4]. 

Usage of titanosilicate zeolites as catalysts is restricted on reactions of small molecules because of active 
centers situated in pores of relatively small diameters. Herein microporous titanium silicalite-1 (TS-1) was used 
[5]. TS-1is zeolite with MFI structure [6] having three-dimensional channel system of intersecting elliptical 10-
ring pores with diameters of 5.3 × 5.5 and 5.1 × 5.5 Å and containing titanium isomorphously substituted silicon 
in the framework [7]. In our reactions we compared the microporous TS-1 with so-called hierarchical type of 
zeolites possessing micro- and mesopores, named as mesoporous TS-1. Additional porosity in the mesopore 
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size region (pore diameters in the range 2-50 nm) [8], can be created with the help of secondary templating 
[9]. The main aim of this study was to answer the question whether this simple structural modification causes 
changes in the course of oxidation (mainly selectivity of products) and whether the mesoporous TS-1 will 
behave as the conventional microporous TS-1 or rather as the TS-1 modified in different and more difficult 
ways (layered or pillared). 

2. EXPERIMENTAL  

Conventional microporous titanosilicate (TS-1), titanosilicate with secondary prepared mesopores 
(TS-1 / Meso) and top-down prepared layered titanosilicate after Si-source pillaring (TS-1 / PiliSi), were 
prepared according to Wilde et al. [10]. Phase composition was determined using SmartLab (Rigaku) X-ray 
powder diffractometer equipped with Co tube (CoKα, λ = 0.1789 nm). The XRD patterns were collected in a 
2θ range 1° - 40° with a step size of 0.02° and speed 1.5 degmin-1. The textural properties were determined 
from nitrogen sorption isotherms. The isotherms were recorded at liquid nitrogen temperature (-196 °C) with 
Gemini II 2370 (Micromeritics) volumetric instrument. BET area was evaluated using adsorption data in the 
range of a relative pressure p/p0 from = 0.05 to 0.20, the t-plot method [11] was applied to determine the 
specific volume of micropores (Vmicro). Chemical composition of the materials (expressed hereafter as the nSi / 
nTi ratio) was determined using Philips PW 1404 X-ray fluorescence spectrometer (Philips) with the analytical 
program UniQuant. Morphology of the powder samples was studied using atomic force microscope 
SolverNEXT (NT-MDT). The scanning of the samples took place in semicontact mode with noncontact probes 
NSG30 (NT-MDT). Before the measurement, the powder sample was dispersed into ethanol, applied on the 
mica substrate and fixed by drying. The images of morphology obtained by atomic force microscopy (AFM) 
were evaluated using Image Analysis software (NT-MDT). 

Catalytic experiments were carried out in the liquid phase in a round-bottom glass batch reactor (V = 25 cm3) 
equipped with a magnetic stirrer (500 rpm) at the laboratory temperature. Methyl phenyl sulfide (99%, Sigma-
Aldrich) was used as a substrate, hydrogen peroxide (30 wt.% aqueous solution, Mach Chemicals) was used 
as the oxidant, acetonitrile (99.9%, Sigma-Aldrich) as a solvent and 1,3,5-trimethylbenzene / mesitylene (98%, 
Aldrich) was used as an internal standard. In a typical experiment, 10 cm3 of acetonitrile was loaded into the 
reactor, followed by the addition of the substrate (0.5 cm3, 4 mmol), and mesitylene (0.25 cm3, 2 mmol). Finally 
50 mg of catalyst was added. The reaction was started by addition of 30% hydrogen peroxide solution (0.23 
cm3, 2 mmol). Samples were taken periodically from the reaction mixture; liquid phase was separated from 
solid catalyst and analyzed by capillary gas chromatography. The conversion of methyl phenyl sulfide was 
calculated as the ratio of converted and initially present methyl phenyl sulfide. The selectivity for methyl phenyl 
sulfoxide / methyl phenyl sulfone is given as the mass of sulfoxide / sulfone formed relative to the converted 
mass of the substrate, methyl phenyl sulfide.  

3. RESULTS AND DISCUSSION 

3.1. Catalyst characterization  

For the evidence that we have tested and compared different types of titanosilicate structures, the results of 
XRD analysis are presented in Figure 1. The XRD patterns of conventional TS-1 and mesoporous TS-1 
prepared only by adding the secondary template to the synthesis gel of microporous one, clearly demonstrate 
the presence of the MFI structure, typical for TS-1. In connection with catalytic activity, 
TS-1 / Meso was further compared to another type of material with mesopores, namely TS-1 / PiliSi, prepared 
by so-called Assembly-Disassembly-Organisation-Reassembly - ADOR strategy [12], prepared from as-
synthetized layered material by pillaring it with amorphous silica [13]. For pillared TS-1, a strong diffraction line 
is present at low 2θ = 1.7°. This line characterizes a regular organization of the layers within these pillared 
materials. The diffraction lines are less intense due to the presence of amorphous pillars in these materials. 
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Figure 1 X-ray powder diffraction patterns of calcinated Ti-catalysts. Conventional microporous titanosilicate 

(TS-1), titanosilicate with secondary prepared mesopores (TS-1 / Meso), top-down prepared layered 
titanosilicate after Si-source pillaring (TS-1 / PiliSi)  

Textural properties of the three titanosilicates are shortly summarized in Table 1. It can be seen that the content 
of titanium is comparable, around nSi / nTi = 48. In the case of total surface areas it can be summarized that 
TS-1 and mesoporous TS-1 possess similar values opposite to the top-down synthesized layered counterpart 
TS-1 / PiliSi in which the surface area is visibly larger. The evidence that all three materials are based on 
microporous material is proven by similar volume of micropores. On the other hand, the benefit of hierarchical 
structures TS-1 / Meso and TS-1 / PiliSi is the increased amount of mesopores. 

Table 1 Textural properties of Ti-catalysts determined by nitrogen adsorption and chemical analysis 

Catalyst nSi / nTi STOT (m2g-1) Vmicro (cm3g-1) Vmeso (cm3g-1) 

TS-1 49 460 0.12 0.03 

TS-1 / Meso 40 465 0.10 0.16 

TS-1 / PiliSi 55 575 0.11 0.29 

With respect to the much simpler preparation of TS-1 / Meso compared to TS-1 / PiliSi, we further focused our 
attention to the TS-1 / Meso sample. In order to observe how morphology of conventional TS-1 and TS-1 / 
Meso differs and to find whether the secondary created mesopores can be seen, the AFM analysis using 
semicontact mode was involved. AFM images of the samples TS-1 and TS-1 / Meso are presented in Figure 2. 
Average sizes and roughnesses of grains were calculated by detailed analysis of AFM images. The grains of 
TS-1 are visible in the Figure 2A. This sample forms small and smooth grains with mean diameter (dØ) 212 ± 
8 nm and average roughness (Ra) 1.9 ± 0.3 nm. In comparison with TS-1, the grains of TS-1 / Meso  
(Figure 2B) have six times larger mean diameter, i.e., dØ = 1275 ± 142 nm, and the detailed scanning of grain 
showed that the surface of grains is rougher (Ra = 60 ± 13 nm) and contains non-spherical pores with average 
size 20.4 ± 8.2 nm (Figure 2C). This fact is in accordance with the Table 1. In both samples TS-1 (Figure 2A) 
and TS-1 / Meso (Figure 2B), the grains have distinct borders and are clearly recognizable from one another. 
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Figure 2 AFM images of samples: microporous titanosilicate TS-1 (A), titanosilicate with secondary prepared 
mesopores TS-1 / Meso (B), and detailed view on surface of TS-1 / Meso grain showing mesopores (C) 

3.2. Oxidation of methyl phenyl sulfide  

We have tested a relatively small molecule of sulfide, namely methyl phenyl sulfide, to compare the effects of 
a mesoporous material (TS-1 / Meso) whose preparation is relatively easy, only by adding the secondary 
template to the synthesis gel of microporous one. This leads to creation of mesopores, which are beneficial in 
the catalytic reactions. Our interest was to monitor the catalytic activity of such prepared sample and to 
determine whether the properties differ from the original microporous form. Moreover, in order to evaluate the 
possible effects of mesopores itself, we compared the results with layered counterpart. 

Figure 3 Oxidation of methyl phenyl sulfide on microporous titanosilicate (TS-1) and titanosilicate with 
secondary prepared mesopores (TS-1 / Meso); conversion of methyl phenyl sulfide (A) and selectivity to the 

reaction products (B) 

The progress of the oxidation of methyl phenyl sulfide with hydrogen peroxide at laboratory temperature for 
TS-1 and TS-1 / Meso is shown in Figure 3A. It is obvious that in both cases almost maximum conversion of 
substrate was achieved, and, furthermore, that the initial progress of reaction is almost the same during 40 
minutes. After this period, slow increase in substrate conversion is obvious during all reaction times in the case 
of TS-1, while the reaction progress with TS-1 / Meso is still steep until 60 minutes, then the reaction process 
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is slowed down. This can be attributed to transport effects when mesopores possess a positive effect on 
substrate transportation. Similar features were observed in the case of layered material. It is good to note that 
in the absence of a catalyst the substrate conversion was less than 20 %. 

Nature of the materials was more revealed by related selectivity to the reaction products. In the case of top-
down prepared pillared catalyst, selectivity to methyl phenyl sulfoxide was almost 100 %. Behavior of the TS-
1 / Meso and TS-1 samples differs from this pillared catalyst (Figure 3B). For both TS-1 / Meso and TS-1, 
selectivity to the first reaction product, methyl phenyl sulfoxide, and the following product, methyl phenyl 
sulfone, was comparable, around 60-70 % and 30-40 %, respectively. Although the TS-1 / Meso contains 
mesopores positively affecting the transport of the substrate, ubiquitous micropores and irregular mesopores 
(as opposed to unblocked mesopores in layered material) lead to slower transport of the first product to allow 
the encounter the active center and thus cause the oxidation to the second step. 

4. CONCLUSION 

Various forms of titanosilicates as catalysts possessing different structural features with increased accessibility 
of active Ti-sites were studied in the liquid-phase, in oxidation reaction of methyl phenyl sulfide with 30% 
hydrogen peroxide to produce methyl phenyl sulfoxide and subsequent oxidation to methyl phenyl sulfone. 

We have focused on the comparison of the Ti-catalyst prepared only by secondary templating of the synthesis 
gel of conventional TS-1 to create mesopores besides micropores (named TS-1 / Meso) to see whether its 
catalytic activity would be comparable to the conventional microporous TS-1 or rather to more complex 
structure of layered catalyst prepared by top-down synthesis.  

The AFM scanning showed the differences between the grain size and grain roughness of TS-1 and  
TS-1 / Meso and confirmed the presence of pores with average size 20 nm on TS-1 / Meso grains. AFM 
operated in semicontact mode thus proved to be a suitable technique for study the morphology of mesoporous 
zeolites in powder form, i.e., without necessity to prepare pressed pellets prior to the analysis. 

In the absence of a catalyst the substrate conversion was less than 20 %. For all catalysts, the highest possible 
conversion of substrate achieved during 4 hours was almost 50 % (due to the hydrogen peroxide equivalent). 
More interesting was the situation around the selectivity to the products of the reaction. Although it can be 
assumed that the resulting mesopores allow faster transport of both, substrate and products, it has been shown 
that TS-1 / Meso has exhibited progress of reaction comparable with the layered material in terms of 
conversion. However, in comparison with the layered material exhibiting almost 100 % selectivity to the first 
reaction product, the TS-1 / Meso is more comparable to microporous TS-1 (selectivity to the first product, i.e., 
methyl phenyl sulfoxide, was around 65 %). This phenomenon can be explained by transport influences. 
Whereas any unblocked mesopores of layered material allow rapid transport of product, the ubiquitous 
micropores in conventional TS-1 and TS-1 / Meso slow the transport, and, therefore, another possible 
encounter with the active site and subsequent reaction to the second step can be expected. 
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Abstract  

Cotton wool was used as a biotemplate for the synthesis of nanostructured ZnO with enhanced visible light 
photocatalytic activity. Zn(II+) complexes were introduced into the structure of cotton fibers via evaporation of 
ammonia solution containing dissolved ZnO powder. Thermal decomposition of Zn(II+) impregnated biotemplate 
at 500 °C, 600 °C and 700 °C provides yellowish ZnO fine powder which retains the morphology of cotton wool 
fibers. The photocatalytic activities of both starting and biotemplated ZnO powders were evaluated from the 
time dependency of degradation of Methyl Violet 2B under the UV (λ~ 365 nm) and visible light (λ~ 400 nm 
and λ~ 425 nm) irradiation. Measurements were carried out online in UV-Vis spectrometer using a homemade 
cuvette holder housing equipped with an LED diode The degradation rate constant for biotemplated ZnO under 
visible light irradiation was 8 times higher than that of the starting ZnO. The significantly enhanced 
photocatalytic activity of biotemplated ZnO under visible light irradiation can be attributed to the intimate 
contact of the ZnO crystalline phase with residual carbonaceous species. 

Keywords: Photocatalysis, semiconductor, LED diode, photocatalytic reactor, powder material 

1. INTRODUCTION 

Semiconductor-driven photocatalysis is a well-established and growing scientific field with great innovation 
and commercialisation potential. It underpins many current and emerging technologies in diverse applications, 
such as water and air purification, self-cleaning and antibacterial surfaces, water splitting, energy conversion 
and many others (Hashimoto, Irie et al. 2005). Among many semiconducting materials, TiO2 is undoubtedly 
the material of the first choice because of its high photocatalytic activity, chemical stability, low toxicity, and 
price. On the other hand, ZnO has been reported to exhibit photocatalytic activity comparable to or even better 
than that of TiO2.  It possesses a similar band gap (Eg 3.37 eV for bulk) and, as a cheap, non-toxic and bio-
safe material with excellent thermal and chemical stability, it is often considered as a promising alternative to 
TiO2 (Sakthivel, Neppolian et al. 2003, Han, Liu et al. 2012). Furthermore, the inherent features of ZnO wurtzite 
structure allows the synthesis of various morphologies possible which is of significant importance as the 
photocatalytic activity generally depends on the size, specific surface area, crystals perfection, presence of 
defects, or on the ratio between the surface areas of differently oriented crystalline facets (Djurisic, Leung et 
al. 2014, Jang, Won et al. 2006). In this light, ZnO is often regarded as model semiconductor material (for 
studying the relationship between material properties, crystal structure, and photocatalytic activity) in the 
research field of photocatalysis (Samadi, Zirak et al. 2016, Marschall 2014). Although significant progress has 
been achieved, the ideal photocatalysts which combine high quantum yield and high efficiency of solar 
conversion (incident sunlight) are still out of sight. Overall, the quantum yield of the photosensitized reaction 
is substantially reduced by fast trapping or recombination of photo-generated charge carriers, either on the 
surface or in bulk. Moreover, the portion of incident sunlight which can generate charge carriers is restricted 
by the wide band gap of ZnO (or both ZnO and TiO2) to photons with energies corresponding to the wavelength 
λ ≤ 390 nm, so only a small fraction of incoming energy is harvested. Thus, many attempts have been done to 
address these issues to explore fully the application potential of semiconductor driven photocatalysis in 
emerging green technologies (to meet the practical requirement for application in). Among them, the creation 
of two- or more phase semiconductor heterojunctions, loading photocatalysts surface by noble metals or metal 
oxide nanoparticles, doping by metal and non-metal elements or dye sensitization are highlighted in literature. 
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In this paper, we demonstrate the synthesis of visible light photocatalytic active ZnO nanocrystals assembly 
via a biotemplated method. Cotton wool was impregnated by a solution containing dissolved starting pure ZnO 
powder in a mixture of ammonia/hydrogen peroxide. Ammonia evaporated quickly, leaving Zn(II+) species inside 
the cotton fibers. Calcination of cotton fibers soaked by Zn(II+) species nanocrystals deposited onto the cotton 
wool surface at 500 °C, 600 °C and 700 °C results in yellowish powders consisting of nanostructured ZnO with 
the morphology of biotemplate (Dong, Su et al. 2007, Oudhia, Sharma et al. 2016). 

2. EXPERIMENTAL SECTION 

2.1. Synthesis of starting material and biotemplated ZnO 

All chemicals were used as received without further purification, namely: zinc acetate dihydrate (Penta, purity 
99.5%, Czech Republic), oxalic acid dihydrate (Penta, purity 99.2%, Czech Republic), ammonia solution 
(mikroCHEMO, p.a. NH3 ca 26% in H2O), hydrogen peroxide solution (Penta, p.a. H2O2 ca 30% in H2O). 
Folded cotton wool (BATIST, Czech Republic) was used as a biotemplate. Starting ZnO powder was prepared 
via thermal decomposition of the ZnC2O4.2H2O precursor at 500 °C obtained originally by a room temperature 
precipitation of zinc acetate solution by oxalic acid for 2 hours. Thermal decomposition of the ZnC2O4.2H2O is 
a common method for preparation of high purity ZnO. Biotemplated ZnO was prepared as follows; 0.6 g of 
starting ZnO powder was dissolved in a 50 mL of ammonia solution with the aid of 4 mL of hydrogen peroxide. 
After that, 3 g of folded cotton wool spread uniformly on a Petri dish with the diameter of 12 cm were sprinkled 
dropwise with 5 mL of prepared solution. Soaked cotton wool was left to dry in a ducted laboratory fume hood. 
Ammonia was quickly evaporated from /the/ zinc impregnated cotton wool in the dish. Then the treated cotton 
wool was placed into a porcelain crucible with a porcelain cap and calcined in a muffle furnace at 500 °C, 
600 °C, and 700 °C. Finally, the obtained fragile materials were disintegrated manually to powder by gentle 
pressure in a storage bottle. 

2.2. Characterization methods 

The crystalline phase compositions of prepared materials were identified by using X-ray diffractometer MiniFlex 
600 (RIGAKU, Japan) equipped with Co X-ray source; operation voltage and current being 40 kV and 15 mA, 
respectively. The particle size and morphology of prepared materials were characterized by scanning electron 
microscope Nova NanoSEM (FEI, the Czech Republic). The UV-VIS-NIR spectrophotometer Lambda 1050 
(PerkinElmer, USA) was used for the photocatalytic activity measurements. LED diodes VL425-5-15, VL400-
5-15 and XSL-365-5E (Roithner LaserTechnik, Austria) were used as light sources for photocatalysis 
experiments. 

2.3. Photocatalysis experiments 

The photocatalytic activity of prepared materials was evaluated by means of degradation of Methyl Violet 2B 
at concentration 3.5 mg.L-1 under UV and visible light. A novel method based on the use of the homemade 
board equipped with LED diode for measurement of photocatalytic activity. Moreover, LED diodes can be 
easily changed, making an experimental set up suitable for assessment of photocatalytic activity over a broad 
spectrum of wavelengths ranging from 365 to 700 nm. The degradation reaction of model dye and UV-VIS 
measurements are performed separately.   

In a typical experiment, the beaker containing 10 mg of photocatalysts and 10 mL of model dye solution was 
inserted into the special holder, covered by the board with LED diodes and stirred in the dark for 1 hour in 
order to reach adsorption/desorption equilibrium. After that, a LED diode illumination was switched on while 
further stirred. Degradation of model dye was monitored in 60 minutes intervals. Photocatalytic experiments 
were performed under UV light (λ ~ 365 nm) and visible light (λ ~ 400 nm and λ ~ 425 nm) illumination 
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3. RESULTS AND DISCUSSION 

Powder X-ray diffractograms of raw cotton wool, impregnated cotton wool and biotemplated ZnO (annealed at 
500 °C, 600 °C and 700°C) are shown in Figure 1. The cotton wool diffraction peaks were indexed to the 
standard data of the Cellulose (PDF Card No.: 4114994 Quality:C). 

 

Figure 1 X-ray diffraction (XRD) patterns of cotton wool (A), impregnated cotton wool (B), biotemplated ZnO-
500C (C), biotemplated ZnO-600C (D), biotemplated ZnO-700C (E) 

There is no obvious difference in the XRD pattern of impregnated and raw cotton wool in Figure 1. Even the 
FWHF of the main peak (122) did not change by the impregnation process which indicates no or only a 
negligible change of the crystalline cellulose phase. Besides peaks associated with cellulose substrate, there 
are no other diffraction lines observable in the diffractogram (B) which indicates that particles deposited onto 
its surface (clearly seen in Figure 2.D) are amorphous by XRD. Diffraction patterns recorded for the product 
obtained by calcination of Zn(+II) impregnated biotemplate (Figure 1C, D and E) matched well to the standard 
data of ZnO powder (PDF Card No.: 10 Quality:C). Obviously, are revealed no cellulose diffraction lines and a 
negligible peak at 28.2° which can be attributed to carbonaceous residuum after cellulose burning.  

The morphologies of starting ZnO material, impregnated cotton wool and bio template ZnO obtained by its 
calcining are shown in Figure 2. Starting ZnO powder formed large aggregates (Figure 2a) composed of 
nanocrystals with size around 60 nm (Figure 2b). Morphology observations of impregnated cotton wool at the 
low and high resolution in Figure 2c, d reveals that the surface of cotton fibers is covered uniformly by ZnO2 
nanoparticles of about 40 nm in diameter. Although the crystalline phase structure of these nanoparticles was 
not confirmed by XRD analysis, amorphous ZnO2 particles are expected to be present. Low magnification 
image in Figure 2e shows the morphology of impregnated cotton wool calcined at 500 °C for 1 hour and 2g 
shows the morphology of impregnated cotton wool calcined at 700 °C. There can be clearly seen that the 
resulting bio template ZnO retains the morphology of cotton wool fibres. On the other hand, the product has 
not hollow fibre morphology or reasonably thinner fibres, hence it can be considered, that the cotton wool fibres 
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were fully soaked by the caustic oxidative solution during the impregnation procedure. Indeed, no macroscopic 
shrinking of the wool in the crucible was experienced after calcining. 

 
Figure 2 SEM images of starting ZnO (a,b), ZnO2 impregnated cotton wool (c,d), biotemplated ZnO after 

calcination 500C (e,f), and biotemplated ZnO after calcination 700C (g,h) 

Degradation rates of Methyl Violet 2B under UV (λ~ 365 nm) and visible light (λ~ 400 nm; λ~ 425 nm) for both 
samples, starting and biotemplated ZnO powders were measured. Experiments were carried out also in dark 
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in order to extract a decrease in dye concentration due to its absorption onto the photocatalyst surface. The 
plot of -ln(c/co) versus irradiation time of all samples shows a linear trend which suggests that photocatalytic 
driven decomposition of dye follows pseudo-first order kinetics. 

 
Figure 3 Photocatalytic experiment measured under various irradiation wavelengths:  

A 365 nm; B 400 nm; C 425 nm 

The photocatalytic activity was measured as a methylene blue 2B solution bleaching under exposure to light 
of selected wavelengths. The results of photocatalytic experiments are shown in Figure 3. All samples are 
marked as follow: biotemplated ZnO-700C (blue triangle), biotemplated ZnO-600C (black squares) and 
biotemplated ZnO-500C (red circles). The overall efficiency of these materials decreases with increasing 
wavelength of used photo-degradation light. Such a dramatic change and superiority of the biotemplated ZnO 
material in visible light photocatalytic activity can be assigned to the absorption of photons due to tail-forming 
states in the bandgap resulting in to the formation of active species involved in the photocatalytic reaction 
pathway although the precise mechanism remains unclear. 

4. CONCLUSION 

Nanostructured ZnO with enhanced visible light photocatalytic activity was designed via templated synthesis 
utilizing cotton wool as a template. Photocatalytic activity of these materials was performed by online 
measurement of degradation reaction, in the meaning of no sample cellecting. It was found that the rate 
constants for bio template ZnO samples under visible light irradiation were 2 times lower than that of under the 
UV light irradiation. This ability can be assigned especially to the increased concentration of oxygen vacancies 
in prepared nanostructured ZnO material. This approach provides a simple and efficient route to prepare hollow 
fibers and it shows a prospect to prepare a large variety of composite materials using the abundant biological 
materials as templates. 
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Abstract  

Perovskite-type compounds are an important class of materials and there are extensively studied in high-
temperature catalytic processes. Dry (carbon dioxide) reforming of methane (DRM) to synthesis gas is one of 
the most important reactions using such materials as catalysts. In this study, perovskite-type complex oxides 
GdBO3 (B = Fe, Mn, Co) applied as catalysts for syngas production via dry reforming of methane. These 
samples were obtained by ceramic technology and were investigated by means of X-ray diffraction, scanning 
electron microscopy, Mossbauer microscopy, and X-ray photoelectron spectroscopy. Catalytic activities were 
evaluated at atmospheric pressure in the temperature raised from 773 to 1223 K under continuous flow of 
reactant gases with a CH4:CO2 = 1:1 ratio. The test samples catalytic activity depends on the oxygen 
stoichiometry in the complex oxide. Thus, the presence of oxygen vacancies in the perovskite containing cobalt 
cation in the B-site of the perovskite structure proved to be favorable for DRM. It was on this sample that 
conversions of CH4 and CO2 were the maximum values of 99 and 97% at 1223 K, respectively, while syngas 
was obtained with H2/CO molar ratio close to unity. Besides, GdCoO3 showed the high stability in the DRM 
process: the catalytic performances retained more than 110 h time. The presence of oxygen vacancies is 
probably due to the crystallographic radius size of the cation introduced into the B-site of the complex oxide. 
Therefore, the catalytic activities of the investigated samples increased in the order: GdMnO3 < GdFeO3 < 
GdCoO3.  

Keywords: Perovskite-type oxide, syngas, dry reforming of methane, activity, oxygen mobility 

1. INTRODUCTON 

In recent years, great attention has been paid to alternative methods for syngas production, in particular carbon 
dioxide conversion of hydrocarbons, such as methane (the so-called dry (carbon dioxide) reforming of methane 
(DRM)) [1]. Moreover, this type of methane conversion is characterized by a reduction in energy consumption 
compared to current methane reforming processes: steam reforming, partial oxidation and autothermal 
reforming [2]. 

However, the main impediment to using DRM in industry is that at present there are practically no catalysts 
that would not be deactivation as a result of coke formation.  

And today the perovskites as a serious alternative to platinum group metals (PGMs) are regarded as catalysts 
for various catalytic processes, including the DRM process, mainly due to the simplicity of their synthesis and 
low cost compared to the PGMs, and also because of a wide range of changes in their structure by substitution 
of elements, which makes it possible to synthesize a selective catalyst for a narrower field of its application 
 [3-7]. 

Plural studies [8-12] of the perovskites catalytic activity have shown their high stability and activity for syngas 
production by the DRM method, which makes these systems promising for further study.  
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The aim of the present work was to investigate the use of perovskite-type oxides GdBO3 (B = Fe, Mn, Co) as 
catalysts for syngas production during the dry reforming of methane under continuous flow of reactive gases. 

2. EXPERIMENTAL PART  

2.1. Catalyst preparation 

Perovskite-type ferrites, GdBO3 (B = Fe, Mn, Co) were investigated as catalysts for dry reforming of methane. 
These samples were prepared by ceramic technology in air from oxides of gadolinium and transition metal 
(99% purity) followed by cooling in the furnace: 

Gd2O3 + BxOy = GdBO3±δ  (B = Fe, Mn, Co) 

Heat treatment of the sample was as follows: 

Calcination:  

 GdFeO3 - 1573 K for 17h; 
 GdMnO3 - 1473 k for 30h; 
 GdCoO3 - 1373 K for 40h. 

2.2. Catalyst characterization 

Several techniques such as X-ray powder diffraction (XRD), scanning electron microscopy (SEM), Mossbauer 
microscopy, and X-ray photoelectron spectroscopy (XPS) were employed for characterization of the 
investigated samples.  

XRD was performed on a Thermo ARL X’TRA diffractometer using CuKα radiation. The SEM images of 
synthesized samples were obtained on Carl Zeiss EVO 40EP and Zeiss Supra 40VP scanning electron 
microscopes. Mössbauer spectra have been recorded at room temperature by using spectrometer Wissel 
(57Co in a rhodium matrix with activity 10 mKu), the isomeric shifts were calculated with respect to α-Fe.  In 
order to evaluate the part of paramagnetic species the intensity of the signals was determined precisely up to 
the factor of resonance absorption. 

2.3. Catalyst evaluation 

The catalyst performance in dry reforming of methane was evaluated in a quartz tubular microreactor, 
containing 0.1 g of the sample dilute in 0.5 g of quartz to increase the surface area. The activity test was carried 
out at the temperature range 773-1223 K, under atmospheric pressure with a feed composition of CH4:CO2 = 
1:1 and a total flow of 0.9 - 1 l/h. The gaseous effluent was analyzed on line using a gas chromatograph 
instrument (Crystal 2000M; a column of stainless steel filled with Porapack Q at 393K, argon as a carrier gas) 
equipped with a thermal conductivity and flame ionization detectors for detecting CO2, CH4, H2 and CO. 

The CH4 and CO2 conversions (αi) were calculated using equation 1 and are defined as the CH4 and CO2 
converted per total amount of CH4 and CO2 fed, respectively: 

휶풊 (%) =
풏풊풏풕 − 풏풐풖풕

풏풊풏풕
    (ퟏ) 

The selectivity (S) to CO was calculated based on carbon balance and defined as: 

푺푪푶(%) =
풏(푪푶)

풏(푪푯ퟒ)풄 +  풏(푪푶ퟐ)풄
× ퟏퟎퟎ    (ퟐ) 

While hydrogen selectivity was calculated as:  
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푺푯ퟐ
(%) =

풏(푯ퟐ)
ퟐ풏(푪푯ퟒ)풄

× ퟏퟎퟎ    (ퟑ) 

And H2/CO ratio was calculated as: 

푯ퟐ

푪푶  풓풂풕풊풐 =
풏(푯ퟐ)
풏(푪푶)     (ퟒ), 

where n(CO) and n(H2) are the moles of carbon monoxide and hydrogen produced and n(CH4)c and n(CO2)c 
are the amounts of methane and carbon dioxide converted, as previously reported in literature [13-14].  

3. RESULTS AND ITS DISCUSSION 

The obtained samples of complex oxides refer to the Ruddlesden-Popper phases and have a perovskite-type 
structure of the ABO3 type. According to XRD data, all initial samples are single-phase. Figure 1 shows the 
XRD spectra of GdFeO3 complex oxide as an example. 

 
Figure 1 XRD pattern of the GdFeO3 complex oxide 

The scanning electron microscopy (SEM) data (Figure 2) shows that the ceramic technology makes it possible 
to obtain particles of complex oxides about 200 nm in size.  

       
Figure 2 SEM images of perovskite catalysts: a - GdFeO3; b - GdMnO3 and c - GdCoO3 

The Mössbauer spectra of GdFeO3 showed that the iron atoms in the ferrite are in a single state - Fe3+. The 
state of Co and Mn atoms in perovskites was investigated by the XPS method and the presence of atoms was 
revealed Co and Mn in two states: Co2+, Co3+ and Mn2+, Mn4+, respectively. 

The reaction of CH4 and CO2 was studied at the temperature range 773-1223 K under atmospheric pressure. 
The experimental results are regrouped in Figure 3. It was shown that no appreciable conversions of the 
reagents were observed before T = 1023 K; CH4 and CO2 conversions over all investigated samples barely 

a 

2 μm 
 

b 

200 nm 
 

c 

200 nm 
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reached 15%. But a further rise in temperature led to an increase in the process rate. Also it was found that 
the CO2 conversion was higher than that of methane in all cases except GdCoO3 (Figure 3). Only CO, H2 and 
a small amount of water were detected.  

    

Figure 3 The (a) methane and (b) carbon dioxide conversion over GdBO3 (B = Fe, Mn, Co) complex oxides  

Table 1 summarizes the catalytic parameters obtained in the methane dry reforming at 1273 K over GdBO3 
(B = Fe, Mn, Co) complex oxides. Comparing the CH4 and CO2 conversions obtained on different catalysts, 
we can conclude that the activity was the highest on the GdCoO3 sample. Thus, at T = 1223 K, the methane 
and carbon dioxide conversion were 99% and 97%, respectively, compared to ferrite and manganite  
(Figure 3, Table 1), where the CH4 and CO2 conversion values barely reached 30% and 50%, respectively. 
Hydrogen selectivity was 79%, and the synthesis gas ratio was close to the stoichiometric ratio for Co-
containing sample. 

Table 1 The catalytic performances of GdBO3 perovskite-type oxides for dry reforming of methane 

Catalyst B - ion 퐫Эퟑ , 퐧퐦 
Т =1223 K 

α (CH4), % α (CO2), % S(CO), % S(H2), % H2:CO 

GdCoO3-δ Co3+ 0.064 99 97 74 79 1.06 

GdFeO3 Fe3+ 0.067 26 49 76 38 0.36 

GdMnO3+δ Mn3+ 0.072 17 26 68 15 0.17 

Perhaps the differences in catalytic activity are associated with the so-called oxygen mobility in the perovskite 
structure: it is suggested that the oxygen non-stoichiometry depends on the crystallographic radius size of the 
metal ion introduced into the B-site of the complex oxides, which is confirmed by the literature [15-17]. And the 
presence of oxygen vacancies in GdCoO3-δ turned out to be favorable for the synthesis gas production by dry 
reforming of methane.  

 

Figure 4 The (a) conversion and (b) selectivity dependences on the B-ion radius of complex oxides 
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On the basis of the data obtained revealed an inverse relationship between the catalytic activity of investigated 
samples and the crystallographic radius of the B-site ion, as illustrated the diagram on Figure 4, and the 
catalytic activity increased in the following order: GdMnO3 < GdFeO3 < GdCoO3.  

However, it should be noted that in the case of CO selectivity, a small maximum for ferrite is observed  
(Figure 4b). Perhaps the increase of S(CO) over the ferrite is due to the fact that the process of reverse water-
gas shift reaction, which complicated the carbon dioxide reforming of methane, is better on systems containing 
iron in its composition [18-19].  

The study of the catalyst productivity with the highest activity (GdCoO3) in the periodic mode (repeat heating 
and cooling modes) at T = 1173 K demonstrated its high stability: the catalytic characteristics remained 
unchanged for more than 110 operating hours (Figure 5). 

 

Figure 5 The time dependence of CH4 and CO2 conversion of GdCoO3 complex oxide 

4. CONCLUSION 

The influence of the B-site cation in complex oxides on their catalytic activity for syngas production via dry 
reforming of methane was studied. It was noted that the catalytic activity of the test samples depends on the 
oxygen stoichiometry in the perovskite structure. Thus, the oxygen vacancies presence in perovskite 
containing cobalt in the B-site of perovskite structure proved to be favorable for obtaining synthesis gas by the 
DRM. It was also noted that the oxygen vacancies presence is probably due to the crystallographic radius size 
of the cation introduced into the B-site of the complex oxide. 
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Abstract 

Kaolin/ZnO nanocomposites were prepared by heat-induced (100 - 600 °C) decomposition of sodium zinc 
carbonate clusters synthesized from zinc chloride and sodium carbonate in water suspension of kaolinite-rich 
kaolin KKAF. X-ray diffraction analysis revealed that highly crystalline ZnO nanoparticles (NPs) are obtained 
in nanocomposite at a temperature above 400 °C. According to X-ray fluorescence spectroscopy, 
nanocomposites contain ~ 40 wt.% of ZnO NPs. Ultrafine ZnO NPs evenly distributed on the kaolinite surface 
were observed using transmission electron microscopy. Preferred growth of ZnO NPs on different kaolinite 
surfaces was investigated using molecular simulations. All nanocomposites (and pristine ZnO NPs prepared 
similarly as control samples) were characterized also by UV-VIS diffuse reflectance spectroscopy. 
Photocatalytic activity (tested by discoloration of Acid Orange 7 aqueous solution) of the nanocomposites was 
found higher than of pristine ZnO NPs which together with high stability (according to leaching tests) is a good 
prerequisite for the use of samples in various green applications. 

Keywords: Sodium zinc carbonate, nano-ZnO, phyllosilicate, calcination, photoactivity  

1. INTRODUCTION 

Zinc oxide nanoparticles (ZnO NPs) are intensively studied due to photocatalytic properties (Eg = 3.37 eV) and 
variety of resulting practical applications, especially in the field of cleaning the environmental pollution [1,2]. 
Although the band gap energy of another well-known photocatalyst TiO2 is slightly lower (Eg = 3.20 eV), i.e., 
not so short wavelength is necessary to the initiation of catalytic effect, the ZnO is considered to be less 
expensive in comparison with TiO2 [2]. Moreover, Hayat et al. [3] reported higher photocatalytic activity of ZnO 
in comparison with classical reference material P25 TiO2 Degussa. Various precursors usable for synthesis of 
ZnO NPs were reported (Zn(NO3)2 [3], ZnCl2 [4], etc.), however, quite little attention has been paid to the 
sodium zinc carbonate (Na2Zn3(CO3)4∙3H2O) which can be synthesized e.g. from NaHCO3 in ZnCl2 solution 
[5]. The current practical use of Na2Zn3(CO3)4∙3H2O includes Zn(II) supplementation [5] or inhibition of zinc 
corrosion [6]. Since the possible danger to the environment and human health from freely spreaded 
photoactive NPs is still the subject of a lively discussion [7,8], it is reasonable to prevent the spread by 
anchoring the NPs on at least microsized solid crystalline substrate. Phyllosilicates as suitable substrates for 
photocatalytic NPs were widely discussed by Matějka and Tokarský [9]. Although the phyllosilicates of 2:1 type 
are often used for this purpose [9], the phyllosilicate of 1:1 type, kaolinite, was also revealed as efficient 
substrate [9,10]. It is not only because of its abundance and low price but also because of its pozzolanic activity 
[11,12].  

Aims of experiments in this study were to prepare the photoactive kaolin/ZnO nanocomposite using 
Na2Zn3(CO3)4∙3H2O as precursor, to thoroughly characterize structure of the nanocomposite, to evaluate 
photocatalytic properties and stability of the nanocomposite. 
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2. MATERIALS AND METHODS 

2.1. Preparation of the samples 

Size fraction < 80 μm was prepared from kaolin KKAF (LB Minerals). Chemical compounds Na2CO3 p.a., ZnCl2 
p.a. (Lach-Ner), and Acid orange 7 (Synthesia) were used as received. Mixing the kaolin KKAF (denoted as 
K) with ZnCl2 in Na2CO3 saturated aqueous solution led to the formation of kaolin/Na2Zn3(CO3)4·3H2O 
precursor which was after filtration and drying at 100 °C calcined for 1 h at 400, 500, and 600 °C. Such obtained 
nanocomposites were denoted as K-ZnO(T) where T represents the temperature used, i.e., 100, 400, 500, 
600 °C. Pristine ZnO NPs were prepared similarly without presence of K and were denoted as ZnO(T) where 
T has the same meaning as in the previous case. 

2.2. Characterization methods 

Samples were studied by energy dispersive fluorescence spectroscopy (XRFS) using SPECTRO XEPOS 
(SPECTRO Analytical Instruments GmbH) equipped with 50 W Pd X-ray tube, X-ray powder diffraction 
analysis (XRPD) using CoKα irradiation (λ = 1.789 nm) in Bruker D8 Advance diffractometer (Bruker AXS), 
transmission electron microscopy (TEM) using JEOL 2010 HC (JEOL Ltd.) with accelerating voltage 160 kV, 
UV-VIS diffuse reflectance spectroscopy (UV-VIS DRS) using CINTRA 303 (GBC Scientific Equipment), and 
molecular modeling using Universal force field [13] in the Materials Studio/Forcite module (Biovia). 
Photoactivity of the samples was evaluated by discoloration of Acid orange 7 (AO7) aqueous solution (c0 = 
3.5∙10-4 mol∙dm-3). Sample (m = 0.05 g) in 0.1 dm3 of the solution was stirred for 24 h to achieve adsorption 
equilibrium and after 24 h the dispersion was exposed to UV irradiation (λ = 368 nm) for 1 h. Absorbance of 
AO7 aqueous solution obtained by filtration was measured using Fiber optic spectrometer USB4000 
(OceanOptics, USA) at 480 nm. Stability of the nanocomposites, i.e., release of Zn from the nanoparticles 
anchored on K matrix, was evaluated using leaching test according to the European technical standard EN 
12457-2. Sample (m = 1 g) was shaken for 24 h in 0.01 dm3 of distilled water, the liquid portion was separated 
using filtration and amount of Zn in extract was determined using emission spectrometer with inductively 
coupled plasma (Spectro Ciros Vision). 

3. RESULTS AND DISCUSSION 

Chemical composition of K, K-ZnO(100), and K-ZnO(400) samples obtained by XRFS is shown in Table 1. In 
the case of dried nanocomposite K-ZnO(100), the formation of zinc-containing phases can be seen, and further 
increase in ZnO content after calcination at 600 °C is evident. Much higher loss on ignition (LOI) for K-ZnO(100) 
in comparison with K-ZnO(600) can be explained by decomposition of the zinc-containing phases during the 
calcination.  

Table 1 Composition of kaolin and K-ZnO nanocomposites dried at 100°C and calcined at 600 °C. LOI - loss  
  on ignition 

 Al2O3 (wt.%) SiO2 (wt.%) ZnO (wt.%) LOI (wt.%) 

K 34.80 49.70 0.00 11.52 

K-ZnO(100) 18.96 24.13 33.21 21.00 

K-ZnO(600) 24.69 32.06 38.70 1.36 

XRPD patterns of all samples are summarized in Figure 1. Preparation process described in section 2.1. led 
to the formation of Na2Zn3(CO3)4·3H2O (PDF no. 01-0457) but also other products, Zn4CO3(OH)6·H2O (PDF 
no. 00-011-0287), Zn5(CO3)2(OH)6 (PDF no. 00-024-0256), and NaCl (PDF no. 00-001-0994), were detected 
in diffraction pattern of ZnO(100) sample (Figure 1a). During calcination, the compounds were decomposed 
and gave rise to the ZnO (wurtzite structure, PDF number 70-2551), whose crystallinity increased with 
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increasing calcination temperature. Sharp and narrow reflections indicating full crystallinity can be found in 
XRPD pattern of ZnO(600) sample (Figure 1a). XRPD pattern of K sample (Figure 1b) shows kaolinite (PDF 
no. 58-2005) as a dominant phase accompanied by muscovite (PDF no. 58-2034) and quartz (PDF no. 46-
1045). In dried nanocomposite K-ZnO(100) the Na2Zn3(CO3)4·3H2O was formed, and - similarly to the previous 
case - the ZnO (hexagonal, PDF number 70-2551) was formed and its crystallinity increased during the 
calcination (Figure 1b). Disappearance of kaolinite basal reflection observable in K-ZnO(600) diffraction 
pattern is the consequence of kaolinite → metakaolinite phase transformation [12]. 

 

Figure 1 XRPD patterns of (a) pure ZnO NPs and (b) pure kaolin KKAF and K-ZnO nanocomposites 

ZnO(1 0 1) reflections (2θ = 42.36°) were used to calculate crystallite sizes (Lc) of ZnO for all samples 
according to Scherrer formula [14]. Lanthanum hexaboride was used as standard and Lc values are listed in 
Table 2. Both for pure NPs and nanocomposites the increase of Lc in dependence on temperature is evident. 
Up to 500 °C the sizes are very similar, however, significant difference occurs at 600 °C when Lc for K-
ZnO(600) is two-fifths lower than Lc for ZnO(600). Table 2 also shows band gap energies Eg (calculated from 
UV-VIS reflectance spectra) and corresponding wavelengths (λ). Only negligible increase in Eg (~ 0.6 %) was 
observed for ZnO NPs in nanocomposites in comparison with pure ZnO NPs. 

Table 2 Crystallite sizes (Lc), band gap energies (Eg), and corresponding wavelengths (λ) for ZnO NPs and  
  K-ZnO nanocomposites calcined at 400 - 600 °C  

 ZnO(400) ZnO(500) ZnO(600) K-ZnO(400) K-ZnO(500) K-ZnO(600) 

Lc (nm) 16 24 44 14 21 27 

Eg (eV) 3.29 3.29 3.29 3.31 3.31 3.31 

λ (nm) 376.83 376.83 376.54 374.94 374.48 374.48 

TEM images of ZnO(600) NPs and K-ZnO(600) nanocomposite are compared in Figure 2. Difference in size 
of ZnO NPs in both samples is evident and since size of the most ZnO NPs in the nanocomposite is smaller 
than Lc value (27 nm; see Table 2), the most NPs can be considered monocrystalline. Moreover, uniform 
distribution of ZnO NPs on the kaolinite was found (also for K-ZnO(400) and K-ZnO(500); images not shown) 
and the ZnO NPs were observed both on the surface and on the edges of kaolinite.   

Crystallographic orientation of ZnO NPs on three different kaolinite surfaces - tetrahedral (T), octahedral (O), 
edge - was studied using molecular modeling. Kaolinite was prepared as nonperiodic superstructure 
Al1254Si1296O3156(OH)2640 containing six layers.  
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Figure 2 TEM images of (a) pure ZnO(600) nanoparticles and (b) K-ZnO(600) nanocomposite 

Total charge −6 el. arising from the non-stoichiometry on the edges was compensated by ZnO NP (Zn186O183) 
adjacent to one of the three surfaces of kaolinite. Four ZnO NPs with different orientation, (0 0 1), (1 0 0),  
(1 1 0), (1 0 1), but with the same number of atoms (20 Zn) in the (h k l) plane directly adjacent to the kaolinite, 
were prepared and placed on each of the three surfaces. Four (h k l) planes on three surfaces gives twelve 
initial models but since five various positions of each ZnO NP on given surface were tested, sixty initial models 
were prepared in total. After geometry optimization, models with the lowest total potential energies were 
selected and interaction energies Eint per interface area (20 Zn atoms in different (h k l) planes leads to different 
sizes of interface areas) were calculated according to the formula Eint = ETP,M - ( ETP,ZnO + ETP,K) / S, where ETP,M 
(kJ·mol−1) is total potential energy of whole model, ETP,ZnO (kJ·mol−1) is ETP of ZnO NP, ETP,K (kJ·mol−1) is ETP 
of kaolinite, and S (Å2) is the interface area, i.e. area of ZnO NP adjacent to the kaolinite. Results are 
summarized in Table 3 where interface areas are also listed. 

Table 3 Interaction energies Eint (kJ·mol−1·Å−2) for each ZnO NP adjacent via given (h k l) plane to one of  
  three different surfaces of kaolinite. Interface areas S (Å2) for each (h k l) plane of ZnO NP are also  
  provided  

(hkl) plane of ZnO NP  (1 0 1)  (1 0 0)  (0 0 1)  (1 1 0) 

S  108 203 147 233 

Eint (ZnO on T surface of kaolinite)  -336 -206 -154 -109 

Eint (ZnO on O surface of kaolinite) -253 -190 -150 -100 

Eint (ZnO on edge of kaolinite) -173 -154 -114 -116 

Negative Eint values (the lower the Eint, the stronger the interaction) reveal that ZnO NPs can grow on each 
type of kaolinite surfaces. This result corresponds with full coverage observed by TEM. Sequence of preferred 
orientation according to Eint, i.e., (1 0 1) < (1 0 0) < (0 0 1) < (1 1 0), is similar for both T and O surfaces, only 
in the case of edge (0 0 1) ≈ (1 1 0). T surface is strongly preferred by (1 0 1) and (1 0 0) planes of ZnO NP, 
while (0 0 1) plane does not distinguish between T and O surface. Orientation of ZnO NP via (1 1 0) plane 
slightly prefers the edge. The strongest interaction (i.e., the best mutual compatibility) between T surface and 
(1 0 1) plane shows the most preferred orientation of ZnO NPs. In the case of monocrystalline NPs, the 
adjacent plane is the same as the top plane accessible to the AO7 molecules. Strong photocatalytic activity of 
the (1 0 1) plane [15] suggests good photocatalytic properties of nanocomposite containing such preferentially 
oriented ZnO NPs. 

Photocatalytic activities of the samples are shown in Figure 3. Dried samples exhibit similar and very low 
photocatalytic activity; ~ 3 mg of AO7 per 1 g of the photocatalyst was degraded. Calcination at 400 °C led to 
increase in photocatalytic activity which is again similar for both types of samples but nearly ten times higher 
than in the previous case. Further increase in calcination temperature had a different effect for each type of 
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samples. While in the case of pure NPs the photocatalytic activity increased up to 600 °C when the value ~ 
53 mg∙g-1 was reached, the nanocomposites exhibits similar photocatalytic activity ~ 40 mg∙g-1 both for 500 
and 600 °C. Taking into account that K-ZnO nanocomposite contains only 38.7 wt.% of ZnO (Table 1), the 
photoactivity of the nanocomposite calcined at 600 °C is in fact two times higher than the photoactivity of the 
pure ZnO NPs. This can be explained by smaller size of ZnO NPs in the nanocomposite and mainly by their 
uniform distribution on the surface of kaolin (Figure 2) resulting in a larger surface of ZnO accessible to AO7 
molecules. 

 

Figure 3 Degraded amounts of AO7 for ZnO NPs and K-ZnO nanocomposites dried at 100 °C and calcined 
at 400 - 600 °C 

Leaching tests performed on the calcined composites revealed that 0.13, 0.15, and 0.20 mg of Zn per 1 dm3 
of water was released from K-ZnO(400), K-ZnO(500), and K-ZnO(600), respectively. This amount is much 
lower than the maximum permissible limit of Zn in drinking water for Czech Republic (3.0 mg∙dm-3 [16]), and 
also lower than 1.2 mg∙dm-3, i.e., the limit for leachates of materials than can be considered as inert in the 
European Union [17]. Important finding is also negligible decrease (~ 1 %) in photocatalytic activity of the  
K-ZnO nanocomposites after the leaching tests. This fact together with low amount of Zn released during 
leaching is evidence of stability of the nanocomposites. 

4. CONCLUSION 

K-ZnO nanocomposite prepared by calcination process from sodium zinc carbonate clusters formed on the 
surface of kaolin particles is promising photocatalytic material. Containing ~ 39 wt.% of ZnO NPs, the 
nanocomposite calcined at 500 or 600 °C exhibits the photoactivity against AO7 two times higher in 
comparison with pure ZnO NPs calcined at 600 °C. Strong anchoring of the ZnO NPs on the kaolin was proved 
by leaching test that showed the nanocomposite to be environmentally safe. Tests of photocatalytic activity of 
the nanocomposite performed after the leaching showed no significant difference in comparison with the tests 
performed before leaching, i.e., stability of the nanocomposite was confirmed. Photocatalytic properties of ZnO 
NPs in nanocomposite are not affected by anchoring on kaolin. Band gap energy of ZnO NPs in nanocomposite 
is similar to band gap energy of pure ZnO NPs. The fact that calcination at 500 °C is sufficient to achieve 
photocatalytic activity two times higher in comparison with pure ZnO NPs calcined at 600 °C is economic 
benefit of the nanocomposite. However, taking into account the kaolinite → metakolinite phase transformation 
at 600 °C, calcination at temperature higher than 500 °C also brings advantage due to pozzolanic activity of 
the metakaolinite. Therefore, the nanocomposite can find its use in building industry, e.g. as a functional 
component of plasters. 
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Abstract  

The aim of the present work was the preparation of photoactive composites of g-C3N4/MMT type. In this work, 
g-C3N4/MMT photocatalysts were prepared by thermal polycondensation of the mechanical mixture of 
melamine and MMT at different temperatures (450, 550, 600, 620, 650, and 700°C). Using wide range of 
analytical methods (X-ray diffraction, infrared spectroscopy, diffuse reflectance spectroscopy, and 
photoluminescence) a significant differences in crystalline structure, morphology, and optical properties 
between the prepared composites were found. Furthermore, composites prepared at 550-650 °C were tested 
for the photocatalytic decomposition of N2O. Photocatalytic experiments showed very similar activity of all 
samples synthesized at 550-650°C. The best photoactivity was exhibited by the sample prepared at the highest 
temperature (620°C and 650°C). The N2O conversion in presence of sample prepared at 620°C and 650°C 
was 45 % after 20 hours of UVA irradiation. 

Keywords: Melamine, g-C3N4, montmorillonite, composites, photocatalytic activity 

1. INTRODUCTION  

Nitrous oxide is compound damaging the stratospheric ozone layer and contributing to the greenhouse effect. 
One of the promising methods of photocatalytic decomposition of N2O is semiconductor photocatalysts efficient 
under UV or VIS irradiation. At present time, most research focuses on photocatalysts containing metallic 
compounds, such as metal oxides, metal sulfides, etc. [1]. A new type of non-metallic polymeric semiconductor 
material is graphitized carbon nitride (g-C3N4) having high thermal and chemical stability, but also interesting 
electronic and optical properties which make appropriate for a wide range of applications [2], such as H2 
production [3,4], environmental purification [5], CO2 reduction [6] and just for photocatalytic decomposition of 
N2O [7]. A band gap (∼2.7 eV) of g-C3N4 indicates that can absorb light up to 450 nm. The easy agglomeration 
and weak adsorption ability of pristine g-C3N4 limit its practical applications. These problems could be solved 
by phyllosilicate - montmorillonite (MMT) as a suitable photocatalyst carrier [8]. In this work, g-C3N4/MMT 
photocatalysts were prepared by thermal polycondensation of melamine/MMT at different temperatures and 
photocatalytic decomposition of N2O was examined under UV and VIS light irradiation. The differences on 
structure, morphology, optical properties and photocatalytic efficiency between the prepared materials were 
found. 
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2. MATERIALS AND METHODS 

2.1. Preparation of the samples 

Melamine (ML) was used as received from Lach-Ner Co.. Na-MMT Portaclay® (Ankerpoort NV) having formula 
(Si8)(Al2.85Mg0.71Ti0.02Fe3+0.42)O20(OH)4 with layer charge ~ 0.7 el. per unit cell was used to prepare ML/MMT 
composite via dry technique. In the first step, a mixture of MMT and solid ML (1:4 w/w) was grounded in a 
planetary micro mill (Pulverisette 7, FRITSCH) for 15 min (rotation speed 700 rpm). The sample was named 
1_0. Composites g-C3N4/MMT were synthesized from 6 g of ML/MMT composite (sample 1_0) in close alumina 
crucible by thermal polycondensation in furnace heated at temperatures 450°C, 550°C, 600°C, 620°C, 650°C, 
and 700°C in air, at a fast rate of 5°C/min. Temperature was applied for 2 hours. Prepared materials were 
ground to powder and final yields showed decrease with increasing temperature: 3.39 g (450°C), 3.46 g 
(550°C), 2.52 g (600°C), 1.87 g (620°C), 1.22 g (650°C), 1.16 g (700°C). Samples, denoted according to the 
temperature, are shown in (Figure 1).  

 

Figure 1 Different colors of the prepared samples (0-700°C) 

2.2. Characterization methods 

XRPD patterns were recorded under CoKα irradiation (λ = 1.789 Å) using the Bruker D8 Advance 
diffractometer (Bruker AXS) equipped with a fast position sensitive detector VÅNTEC 1. Measurements were 
carried out in the reflection mode, powder samples were pressed in a rotational holder, goniometer with the 
Bragg-Brentano geometry in 2θ ranges from 3 to 40°, step size 0.03°. Phase composition was evaluated using 
database PDF 2 Release 2014 (International Centre for Diffraction Data). 

The IR spectra were collected by a FTIR spectrometer Nexus 470 (ThermoScientific) with a DTGS detector 
using the KBr pellets technique. Exactly 1.0 mg of sample was ground with 200 mg of dried KBr. Pellets were 
pressed with the pressure corresponding to 8 tons for 30 s under vacuum. Measurement parameters: the 
spectral region 4000-400 cm-1, the spectral resolution 4 cm-1, 64 scans; the Happ-Genzel apodization. The 
treatment of spectra: polynomial (second order) baseline, subtraction spectrum of pure KBr.  

The UV-Vis DRS (diffuse reflectance spectra) of powder samples from the dry pressed disk samples were 
recorded within the range of 220-800 nm at room temperature on the Shimadzu UV-2600 Series (Shimadzu 
Ltd). The diameter of the integrating sphere assembly was 60 mm. BaSO4 powder as reference sample and 
an external 2D detector were used. The Kubelka-Munk (K.-M.) function for determination of values of the direct 
band gap energy (Eg) was used. The Eg values were determined by extrapolating the plot of (F(R)h.ν)1/2 on 
the depending h.ν/F(R)h.ν=A(h.ν−Eg)2. K.-M. function F(R)=(1-R)2/2R from the reflectance spectrum was 
obtained. K.-M. function depending on the h.ν (photon energy in eV) can be obtained Tauc curve. 

The photoluminescence (PL) emission spectra (samples from 1_550 to 1_650) were measured by a 
spectrometer FLSP920 Series (Edinburgh Instrument Ltd) in the wavelength 335-760 nm at room temperature. 
Spectrometer was equipped with a 450 W non ozone xenon lamp (Steady state Xe900 lamp) and R928P type 
detector (PMT detector). Czerny-Turner configuration was used. The excitation wavelength was 365 nm. The 
widths of excitation and emission slits were 1 nm.  
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The N2O photocatalytic decomposition was carried out in a homemade stainless steel experimental apparatus. 
An 8 W Hg lamp with λ = 365 nm (UVA) was situated in horizontal position on top of the quartz glass visor. 
The batch photoreactor with circulating mixing and with photocatalyst (0.1 g) placed on the bottom, was filled 
with N2O/He mixture (998 ppm) and pressurized to 1700 mbar. The gas chromatograph with barrier discharge 
ionization detector (GC/BID) was used to determine the N2O concentration which was measured before 
switching on the UVA lamp and during the irradiation. The reproducibility of photocatalytic experiments was 
checked by repeated tests. The N2O conversion was determined at according to 

            (1) 

where cA0, cA , is the N2O concentration at the beginning of reaction (t = 0) and at different times during the 
photocatalytic reaction, respectively. Volume was kept constant. 

3. RESULTS AND DISCUSSION 

XRPD patterns of MMT and 1_0, 1_450, 1_620, 1_700 composites are shown in Figure 2. In 1_0 sample, ML 
and MMT were identified and it can be observed that the ML was not intercalated into MMT interlayer. At 450°C 
melem was formed (regions 2θ=13-17° and 31-34°). For pure g-C3N4 the characteristic reflections at 15.3° and 
32.5° indexed as (100) and (002) diffraction planes (JCPDS 87-1526) were found. These reflections are 
observed in samples 1_550 - 1_650, thus only the spectrum of 1_620 is shown (Figure 2). Comparing the 
intensities of (002) g-C3N4 plane, temperatures 600 and 620 °C are the most appropriate. 

 

Figure 2 XRD patterns of pure MMT and samples 1_0, 1_450, 1_620, 1_700 

In FTIR spectra (Figure 3), spectral band described in the spectrum of sample 1_0 can be assigned to 
vibrational bands of ML [9]. Spectrum of sample 1_450 contains mainly bands of melem. Especially very strong 
bands at 1608 cm-1 and 1468 cm-1 are very significant for melem [10]. Weak bands at 1053 cm-1, 525 cm-1, 
and 469 cm-1 are bands of MMT. Spectral bands presented in the spectrum of sample 1_650 are typical for 
melon or g-C3N4; especially bands between 1700 cm-1 and 1100 cm-1 [10]. Spectral difference between melom 
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and g-C3N4 are only in overlapping of bands; bands of melom are much overlapped, whereas bands of g-C3N4 
are relatively separated. The spectral bands in the spectra of the samples 1_550-1_650 are very similar, for 
this reason, only the spectrum 1_650 is shown. For a sample 1_700 could be observed to degradation product 
of MMT, for example amorphous silica or high-temperature form of quartz (cristobalite and tridymite). The 
same bands are present in the spectrum of sample 1_650 (1045 cm-1, 567 cm-1, and 482 cm-1). 

 

Figure 3 FTIR spectra of samples 1_0, 1_450, 1_650, and 1_700 

DRS analysis (Figure 4A) revealed that absorption edge is around 420-430 nm. The MMT has weak light 
absorption ability within the scope of full spectrum. Sample 1_0 has very low absorption edge value about at 
255 nm and is very difficult to determine the value of band gap energy. Figure 4B shows Tauc curves from 
which it is possible to determine the values of the band gap energy.  

 

Figure 4 Diffuse reflectance spectra of samples (A); Tauc curves obtained from reflectance spectra of 
samples (K.-M. function) and determination of direct band gap energy (B)  
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With increasing temperature at which the samples were prepared, the band gap decreases (see Table 1). 
Similar results were reported by Li et al. [8] when the band gaps mixtures of g-C3N4/clay have values in the 
range 2.72-2.80 eV, which are a little larger than that of g-C3N4 due to its extended π-conjugated frameworks 
connected by the sp2 hybridization of carbon and nitrogen. For the sample 1_700, the band gap differs 
significantly (2.10 eV - transition n-π* type and 3.04 eV - transition π-π* type). A very small amount of g-C3N4 
is in sample 1_700. 

Table 1 Direct band gap (Eg) of prepared samples (+transition π-π*; *transition n-π*) at different temperature 

sample Eg (eV) sample Eg (eV) sample Eg (eV) 

1_450 2.92 1_600 2.75 1_650 2.79 

1_550 2.86 1_620 2.76 1_700 +3.04 (*2.10) 

From the PL emission spectra (Figure 5) it is evident that sample 1_550 has a maximum emission wavelength 
at 460 nm, 1_600 at 464 nm, 1_620 at 461 nm and 1_650 at 457 nm. With the increasing temperature to 600°C 
of prepared samples is observed slight bathochromic shift for emission maximum of bands (about 4 nm) and 
band gap energy value for this materials decreases (see Table 1). This fact can be attributed to the expansion 
of the g-C3N4 clusters network by connecting more tri-s-triazine units and increasing the sp2 clusters and 
increase bond length between C and N atoms at higher preparation temperatures [11], thereby improving the 
photocatalytic activity of g-C3N4. For samples prepared from 600 to 650°C it is evident hypsochromic shift from 
464 to 457 nm (about 7 nm). The highest emission intensity has been found for sample 1_550 which agrees 
with the results of the studies [11] and contrast the smallest emission intensity is for the sample 1_650. For a 
pure g-C3N4, a strong emission band is about 465 nm [8], while for the mixture of g-C3N4 prepared at 550°C 
with MMT the peak of the emission PL band has a lower intensity (about 455 nm), which means that the 
interfacial charge between MMT and g-C3N4 in the composite is improved.  

 

Figure 5 PL emission spectra of samples prepared at 550-650°C 

The time dependences of the N2O conversion of all prepared samples under UVA (λ = 365 nm) irradiation 
during a time period of 0-20 h are shown in Figure 6. The N2O conversion is very similar over the all prepared 
samples. The samples synthetized at higher temperature (620ºC and 650ºC) showed moderate improvement 
compared to sample prepared at 550ºC. The highest N2O conversion after 20 hours of UVA irradiation (45 %) 
was achieved in the presence of the samples prepared at 620ºC and 650ºC.  
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Figure 6 The time dependences of N2O conversion over of the prepared photocatalysts (550°C-650°C) 
under UVA (λ = 365 nm) irradiation 

4. CONCLUSION 

g-C3N4/MMT type photocatalysts were prepared by thermal polycondensation of ML/MMT composite at 
different temperatures. Presence of melem and its derivatives after low temperature (450°C) processing was 
evidenced by the XRD and FTIR analysis indicating incomplete ML to g-C3N4 transformation. Preparation of 
composites at 550- 650°C resulted in the creation and extension of g-C3N4 networks that was confirmed by 
the significant peak differences in their FTIR spectra and also characteristic peaks at XRD patterns. These 
composites have been tested for the photocatalytic decomposition of N2O. Photocatalytic experiments showed 
very similar activity of all samples synthesized at 550-650°C. The best photocatalytic activity was exhibited by 
the sample prepared at the highest temperature (620°C and 650°C). The N2O conversion in presence of 
sample prepared at 620°C and 650°C was 45 % after 20 hours of UVA irradiation. These results make g-
C3N4/MMT promising photocatalytic materials. 
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Abstract 

The effectiveness of the reactive properties of zero-valent iron nanoparticles (nZVI) increases by the 
application of a direct current (DC). The saving of reactive agent and prolongation of the longevity of 
nanoparticles in the subsurface are the main advantages of DC application, which render in-situ chemical 
reduction by nZVI considerably more economical. During the support of nZVI remediation by an electric 
current, the synergic effect of the electric current close to the cathode is expected. There is a subsidy of 
electrons and production of H+ during the process. nZVI is protected against oxidation and has a higher 
reactivity with the contaminants.  

Keywords: Iron particles, reduction, reactive column, electric current 

INTRODUCTION 

The laboratory experiment in the flow arrangement is designed to study the synergic effect of iron particles 
supported by an electric current in detail. This test enables the processes close to the electrodes and their 
surroundings to be observed. The experimental arrangement and its boundary conditions were designed for a 
possible simulation of the real processes taking place at the sites.  

The submitted paper presents a methodology of laboratory tests and selected results obtained from its use. 
The aim of the presented laboratory tests was to define in detail the physical and chemical properties and 
electric conditions, which may improve the efficiency of the chlorinated hydrocarbon (CHC) reduction process 
by zero-valent iron nanoparticles (nZVI). A procedure is presented, which enables the behaviour of the system 
to be described by a known water composition (geochemical model) and which can be used for controlling the 
support system by electric current.  

1. LABORATORY TEST METHODOLOGIES 

When the electric support system is applied on site, the opposite electrodes are placed at a sufficient distance 
apart, which leads to a very small mutual influence of the surroundings of the electrodes. A configuration in 
the form of a cylinder with the reactive filling and two electrodes placed at the ends of the column was used in 
order to simulate the effects within one column test. Both ends of the column were used as inputs. The output 
is the same for both sites and is placed in the middle of the column. There are six sampling ports installed in 
the column, which enable the sampling of water and its subsequent analysis. The column output is connected 
to a 100-ml stainless-steel cell and an overflow below the water level. The output water is possible to be 
sampled without decreasing the contaminant concentration due to volatilisation. A block diagram and 
photograph of the column test is included at Figure 1. 

The contaminated input water (mainly contaminated by volatile CHCs) is stored in a stainless-steel container 
placed in a refrigerator at a constant temperature (5 °C). In order to minimize the volatilization of CHCs, the 
container is hermetically sealed and a small overpressure is kept inside using inert gas (N2). The water is 
distributed from the container to the peristaltic pump by stainless-steel capillaries. The peristaltic pump controls 
the flow rate through the system and subsequently to the column. 
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a)  
 

b)  

Figure 1 Configuration of column test: a) block scheme of reactive column (K_1-8: sampling ports); b) 
preparation of reactive column 

A mixture of glass silica sand (grain size 0.5-2 mm) and iron shavings (size approximately 3-5 mm) was used 
as a reactive material for the test. The mixture was created in a mass ratio of 60% sand and 40 % iron shavings. 
It is possible to use any kind of iron particles for this column test; however, it is necessary to adapt the material 
of the rock environment to the chosen form of iron particles (micro, nano) in order to fix these particles in the 
environment and prevent their migration inside. The flow rate (duration of delay) has to be adapted to the final 
hydraulic conductivity of the system.  

The column was prepared by filling the material in a dry state layer by layer, as shown in the block diagram in 
Figure 1 a). The steel electrodes were placed in gravel. Subsequently, the reactive mixture was filled into the 
column. Half of the column (output) was filled with a further layer of gravel to serve as an output drain. The 
total column porosity was 45% and the volume of free pores was 283 ml. The column was placed horizontally 
and the double-headed peristaltic pump, which controls the flow rate through the system, was connected to 
both inputs. The speed of the peristaltic pump, the size of the tubes used and the connected capillaries were 
chosen in order for the duration of delay in the system to be approximately 1 day (corresponding to the 
reactivity of the material). Low flow rates were used when filling the column with water in order to ensure 
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sufficient time for the water to infiltrate the whole column and remove the maximum amount of air from the 
pore space. After filling the column with water, the flow rate in each of the input branches was set at 0.026 
ml/min. During the experiment, the flow rates corresponding the flow velocity through column of 0.7-2 m/d were 
mainly used.  

The following sampling plan was used for the column sampling. In order to prevent the sampling influencing 
subsequent samples, the samples were taken in a direction from the output port to the input port. Output port 
K_1 was sampled first, followed by K_2, K_3 and finally K_8. A glass syringe was used for sampling to minimize 
the effect of sorption. A volume of 11 ml was taken from each sampling port. The water was immediately 
analysed for CHC concentrations by GC, followed by the measurement of the physical and chemical properties 
(pH, ORP, and conductivity). 

2. RESULTS 

Real water from a site contaminated by a mixture of chlorinated hydrocarbons (CHCs) was used for the 
experiment. The sum of CHCs was 50 mg/l and was mainly represented by PCE (40 %) and TCE (40 %), 
followed by 1,2-cis-DCE (10 %) and then other CHCs. 

In the first phase of the test (system stabilisation) the column was left in a running mode with a low flow rate 
(m/d). Sampling was performed at the end of the test phase, which showed a low concentration of CHCs at 
the level of 10% of the input concentration. Subsequently, the flow rate through the column was increased (2 
m/d), which led to a 4-fold increase in the concentration of output CHCs. In this mode the column was sampled 
twice to obtain the initial state of the distribution of CHC concentrations without the electric support system, 
and then the source of the direct current was connected.  

The same current density values were used as for real applications of the set-up of the electric field support 
system -units of A/m2. Due to the fact that a relative high flow velocity was used in the column compared to 
most sites (2 m/d), a current density around the upper boundary of this interval was chosen (approximately 7 
A/m2). The value of the current is given by the electrode areas (transitional resistance), the electric conductivity 
of the used water and the applied voltage. In order to achieve the chosen value of current density for the used 
column system (steel electrodes with a diameter of 5 mm, length of 35 mm and water conductivity of 800 
µS/cm), it is necessary to apply a direct current of 150V. In this case the current passing through the column 
is approximately 8 mA.  

Twelve sampling runs were performed during the column experiment. Five of them were performed without 
the electric current and seven with the direct current. The sixth run (without DC) and seventh run (with DC) 
were used to evaluate the influence of the electric current on the dechlorination process. There were four days 
between these sampling runs in order to minimise changes in the column due to material aging. The following 
series of diagrams presents the measured concentrations and the physical and chemical profiles in the column. 

 

Figure 2 Concentration of CEs in column: left - without DC; right - with DC connection 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

349 

 

Figure 3 ORP and pH in column: left - without DC; right - with DC connection 

 
Figure 4 Conductivity in column: left - without DC; right - with DC connection 

Forms of Fe based on the measurement of pH/Eh 

A reduction in CHC using Fe particles can be observed only if an active form of Fe (i.e. Fe0 or Fe2+) is present 
in the system. The form of Fe in the reactive system can be determined for a given water composition using a 
geochemical model. A geochemical model was created for the water used in column tests describing the forms 
of Fe, which is illustrated in Figure 5. In simple terms, if the point according to the measurement of pH-Eh is 
above the dashed brown line, then the conditions of Fe occurrence correspond to the trivalent state (non-
reactive), or the active state if it is below the line (2+ or 0). This can be expressed by the distance of a given 
point from the transition area. This distance is expressed on the graph as L_Fe2+>>3+, the smaller this distance, 
the more reductive the conditions for the given pH-Eh, when the Fe is in a zero valent state at the lower limit 
of water stability. 

 

Figure 5 Distribution diagram of Fe for used water 

Subsequently, the results of the measurement in the column profile were interpreted at the individual 
measuring points (for different pH/Eh values), the column was discretized along the sampling ports. The 
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measured and corresponding calculated values are plotted in the following tables. Table 1 shows the values 
for the anode side, and Table 2 for the cathode side. 

Table 1 Anode site of column, 6 Fe = without DC, 7 Fe+DC = with DC connection 

 Port >> input 6 4 2 output 

ORP (mV) 
6-Fe -19 -215 -241 -187 -179 

7-Fe+DC -45 -388 -346 -314 -312 

pH (-) 
6-Fe 7.56 7.73 7.79 7.80 7.89 

7-Fe+DC 7.47 6.96 6.92 7.35 7.08 

Conductivity (uS/cm) 
6-Fe 779 721 703 695 703 

7-Fe+DC 782 552 573 508 562 

L_Fe2+ >> 3+ (mV) 
6-Fe 80 -88 -104 -49 -26 

7-Fe+DC 39 -388 -353 -250 -293 

DCE (ug/l) / (%) 
6-Fe 4 176 3 792 / 9% 3 814 / -1% 4 243 / -11% 3 576 

7-Fe+DC 3 949 1 642 / 58% 1 525 / 7% 953 / 38% 769 

TCE (ug/l) / (%) 
6-Fe 18 438 8 988 / 51% 7 581 / 16% 6 103 / 20% 4 529 

7-Fe+DC 17 955 1 691 / 91% 994 / 41% 461 / 54% 784 

PCE (ug/l) / (%) 
6-Fe 16 842 7 105 / 58% 6 014 / 15% 4 564 / 24% 3 860 

7-Fe+DC 15 834 3 371 / 79% 2 986 / 11% 1 907 / 36% 2 004 

Sum_CEs (ug/l) / (%) 
6-Fe 39 456 19885 / 50% 17410 / 12% 14909 / 14% 11 965 

7-Fe+DC 37 738 6704 / 82% 5504 / 18% 3321 / 40% 3 557 
Note: The percentage degree in the given element is calculated from the difference of input/output concentration for each 
element.  

Table 2 Cathode site of column, 6 Fe = without DC, 7 Fe+DC = with DC connection 

 Port >> input 7 5 3 output 

ORP (mV) 
6-Fe -19 -335 -337 -323 -179 

7-Fe+DC -45 -390 -374 -361 -312 

pH (-) 
6-Fe 7.56 7.82 7.93 7.99 7.89 

7-Fe+DC 7.47 6.97 6.90 7.14 7.08 

Conductivity 
(uS/cm) 

6-Fe 779 688 651 647 703 

7-Fe+DC 782 441 385 419 562 

L_Fe2+ >> 3+ (mV) 
6-Fe 80 -193 -177 -154 -26 

7-Fe+DC 39 -389 -384 -332 -293 

DCE (ug/l) / (%) 
6-Fe 4 176 3 841 / 8% 3 528 / 8% 3 499 / 1% 3 576 

7-Fe+DC 3 949 1 001 / 75% 586 / 41% 632 / -8% 769 

TCE (ug/l) / (%) 
6-Fe 18 438 9 254 / 50% 6 808 / 26% 5 305 / 22% 4 529 

7-Fe+DC 17 955 1 793 / 90% 871 / 51% 844 / 3% 784 

PCE (ug/l) / (%) 
6-Fe 16 842 7 679 / 54% 6 141 / 20% 5 072 / 17% 3 860 

7-Fe+DC 15 834 3 070 / 81% 1 960 / 36% 1 929 / 2% 2 004 

Sum_CEs (ug/l) / 
(%) 

6-Fe 39 456 20 774 / 47% 16 477 / 21% 13 875 / 16% 11 965 

7-Fe+DC 37 738 5 865 / 85% 3 417 / 42% 3 405 / 1% 3 557 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

351 

Figure 6 Comparison of distribution diagrams: left - without DC; right - with DC connection 

Column without electric current support system connected 

From the point of view of the physical and chemical parameters, the two halves of the column behaved 
differently prior to connecting the electrical current. The anode side showed a lower reactivity of the fill material, 
which resulted in a lower pH and higher ORP. The lower reactivity of the anode side was also shown by the 
course of the conductivity, with a faster reduction of sulphates and nitrates on the cathode side leading to a 
higher decrease in conductivity.  

Similarly, the lower average reactivity of the anode side was shown by the CHC concentration profile, whereby 
the anode side had a lower reduction efficiency. Both halves of the column achieved a good reduction efficiency 
for more chlorinated hydrocarbons (PCE, TCE), while the 1,2-cis-DCE concentrations were virtually 
unchanged. This indicates a short residence time in the column, where PCE, TCE and subsequently DCE are 
reduced (or DCE is formed as an intermediate product by gradual dechlorination and the absolute value of the 
concentration does not change). This was confirmed by adjusting the column run at the beginning of the 
experiment, whereby the DCE also effectively degraded when a longer delay time was used. 

The values of the coefficient L_Fe2+>>3+ were calculated for all of the measurements. To simplify the evaluation 
of the reduction conditions, the relationship between it and the effectiveness of the CHC reduction was sought. 
In terms of CHC reduction, positive values represent inactive conditions, where Fe is 3+. Negative values 
correspond to the active form of Fe in the state of 0 a 2+. For the cathode side with multiple reduction conditions, 
the coefficient L_Fe2+>>3+ was lower by an average of approximately 100 mV (see the distribution diagram 
Figure 6 - left).  

Column with the electrical current support system connected 

The typical behaviour observed both on-site and in the laboratory during reactor tests when the electrical 
particle support system is engaged is as follows: (i) a rapid and massive decrease in ORP and increase in pH 
around the cathode; (ii) pH stabilization at 6-7 (for a steel electrode) and a slight decrease in ORP can be 
observed close to the anode for most water types.  

After connecting the electrical support system to the column, a different effect on the physical and chemical 
parameters was observed to the assumptions. In both parts of the column there was a decrease of pH in the 
entire profile of approximately 1 unit. It was possible to observe a decrease in ORP of approximately -50 mV 
on the cathode side and a significant decrease of approximately -150 mV on the anode side. The physical and 
chemical parameters showed very similar conditions on both the anode and cathode side of the column, with 
an average pH of approximately 7 and ORP of approximately -350 mV. These values are also computed by 
the calculated coefficient L_Fe2+>>3+ , which shows that after connecting the electrical current the reduction 
conditions increase by approximately 200-300 mV in all of the points of the column, which also corresponds 
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to the distribution diagram Figure 6 - right). These conditions led to a greater decrease in conductivity across 
the entire column profile. However, it is still possible to observe a slightly higher reactivity on the cathode side.  

After connecting the electrical current, the CHC concentration profiles changed on both sides of the column, 
where in terms of the CHC concentrations there was an approximately two-fold increase in the reactivity on all 
of the parts of the column. The main improvements can be observed on the parts of the column nearer the 
electrode, where the effect of the electrical current was more pronounced as expected. The improvement in 
reduction was more pronounced for the less chlorinated DCE, which is more difficult to reduce by Fe alone. 
On the anode side, the efficiency of the reduction compared to the state prior to connecting the electrical 
current increased by 49% for DCE, 40% for TCE and 21% for PCE. On the cathode side the efficiency 
increased by 65% for DCE, 40% for TCE, and 27% for PCE. 

In contrast to the original assumption that there would be a synergistic effect of the electrical current only near 
the cathode, it was shown that the improvement also occurs near the anode. In the future, this could be used 
in the design of polygons at sites. 

Interpretation with the geochemical model 

For a deeper understanding of the processes occurring inside the column, the results were further interpreted 
using the geochemical model. It was determined that the bicarbonates present have a major influence on the 
behaviour of the entire system, which also controls the course of the reactions forming crystalline phases 
based on the amount of dissolved iron present in the solution. In addition, calcium and magnesium (and of 
course iron) are also involved in the precipitation of the mineral phase. Pyrite precipitates in a sufficiently 
reductive medium, and ammonium ions also form the dominant form of nitrogen in this environment. Sodium, 
potassium and chloride compounds do not enter the reaction. 

Prior to connecting the electrical current, magnesium carbonate and calcium carbonate precipitate inside the 
column in areas with higher pH. Ferrous carbonate begins to precipitate after the dissolution of a sufficient 
amount of iron. After connecting the electrical current, these minerals continue to precipitate but the conditions 
in the system change and they begin to shift to areas with a lower redox potential, where the system is 
controlled by the reaction due to the formation of ferrous disulphide and precipitation of sulphates from the 
solution. 

The physical and chemical profile of the column shows that connecting the electrical current leads to a drop in 
pH to approximately the same value on both sides. This is inconsistent with the results of the previous 
laboratory tests and field observations, where there is an increase in pH due to electrolysis in the area of the 
cathode. In the case of the reactive column, the physical and chemical parameters and chemical composition 
of the inlet water are controlled by the equilibrium between the dissolved ions HCO3-, Fe2+ and the mineral 
siderite (ferrous carbonate) due to a release of H+ to the solution according to equation 

Fe2+  + HCO3- =(Fe(CO)3) + H+ 

The presence of H+ ions in solution decrease pH value around the cathode. This explanation was confirmed 
also with the fact, that in the cathode space of column at the end of experiment This is also explained by the 
fact that the port near the cathode in the cathode space of the column clogged up at the end of the experiment, 
which may be the result of precipitation of the siderite. 

3. CONCLUSIONS 

The presented laboratory test methodology was very useful for studying the processes of the remedial 
application of iron particles supported by an electric current. The tests provided several new facts that were 
previously unknown or were subsequently clarified. The methodology was successfully used for the verification 
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of the remedial technique on other waters with a different geochemical composition and different types of 
contamination (organic and inorganic). 

Compared to the original assumption, whereby a synergic effect of the electric current support on the reactivity 
of the iron particles was expected only close to the cathode, this effect was also shown to happen in the same 
size close to the anode. However, for the given type of real water the results were slightly better close to the 
cathode.  

Furthermore, the results showed that for the method of iron particles supported by an electric current, a 
universal and simple set up of the electric system cannot be formulated for all sites. For each environment it 
is necessary to know its geochemical (water composition) and hydrological conditions (flow velocity as the 
main factor), which have a basic influence on the ongoing reduction. This fact was also shown in our case. 
With respect to the flow velocity and the chemical composition of the water, it is possible to regulate the 
delivered electrical power on the basis of laboratory tests with specific water so that, at a sufficient distance 
from the electrodes, the reduction conditions are in the area of stability Fe2+, whereby the applied iron is most 
efficiently used for the reaction with the contamination.  
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Abstract  

The paper deals with the influence of micro and nanoparticles of dust from the production of glass basins as 
an addition to geosilicates for the properties of these materials. The basic material was geosilicate based on 
inorganic bicomponent, aluminosilicate bases activated by alkaline activator. For the maturation of 
geosilicates, was used shortened technology using elevated temperatures. Mechanical properties, especially 
tensile strength, compressive strength, and structural and behavioral change at elevated temperatures were 
studied on the materials. 

Keywords: Geopolymer, glass basins dust, Baucis 160 L, electron microscope 

1. INTRODUCTION 

Geosilicates, also referred to as geopolymers, are alkali-activated aluminosilicates. They are known as a 
material that produces up to 50% CO2 emissions, material for isolation, concrete repair and heavy metal and 
radioactive waste fixation. They have advantageous mechanical and thermal properties. As with cement, their 
properties and application depend on the type, size and shape of the bristle. Thus, the material thus understood 
is a composite where the geosilicate represents the matrix and the filler has a reinforcing function. Another 
advantage of alkali-activated aluminosilicates is their presence in both the extracted materials (metakaolin 
produced by kaolin and clay) and in waste materials (slag and fly ash). Waste materials can be used also for 
filling. In the submitted paper, dust from the production of glass basins is used as filling. These are made of 
sodium-activated clay activated clay, so in this case geosilicate must be said. 

2. ALKALINE ACTIVATED ALUMINOSILICATES 

Aluminosilicates have the general formula  

(Na, Kn {- (Si-O) z -Al-O} nww2O)                          (1) 

and the chemical reaction is described as polycondensation, i.e., the water release reaction. Alkali in the 
production of geosilicates represents water glass, NaOH, or. KOH. [1] It is necessary to emphasize the silicate 
module, i.e. Si / Al ratio. [1, 2] Chemical reactions are extensively described in a number of publications and 
are not described in this paper. 

3. EXPERIMENTAL PART 

The Baucis L 160 geopolymer from the production of Czech Straw [3] and the alkaline activated clay from 
Keramo Plus, Verneřice as the basic material entering the experiment. Samples were mixed and labelled as 
shown in Table 1. 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

355 

Table 1 Layout of mixtures 

  Designation Geosilicate Activated dust 

G0 100% 0% 

GP5 95% 5% 

GP10 90% 10% 

GP20 80% 20% 

The percentage of activated dust was determined in relation to geopolymer cement 

Mixing was carried out in such a way that the solid phases were first mixed together and then an activator was 
added. Stirring was continued for 20 minutes, and then the mixture was shaken on a shaking table to remove 
air bubbles. This operation took place for 1 min. Mixing indicated that the GP20 mixture could not be processed 
to the required consistency and was therefore excluded from further experiments. 

The blends were formed by pouring into sample moulds to test mechanical properties for prism bending 
40x40x250 mm and for pressure tests of rollers with a diameter of 28 mm and a height of 50 mm. The rolls of 
the rollers were ground for testing. Tests were carried out on the TIRA dynamometer. 

4. CONCLUSION 

The results of bending strength and compressive strength are shown in Table 2 and in the graphs of  
Figures 1 and 2. 

Table 2 Bending and compressive strengths 

  Designation Bending strength [kPa] Compressive strength 
[kPa] 

G0 14, 44 73, 7 

GP5 10, 41 69, 9 

GP10 13, 59 55, 6 

 
Figure 1 Graph of bending strengths  
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Figure 2 Graph of compressive strengths  

From the graphs of Figures 1 and 2, it can be seen that the bending strength G0 and GP10 have values 
within the statistical error and GP5 is low. Compressive strengths, on the contrary, are strengths G0 and 
GP5 within the statistical error and lower values are obtained by GP10. This discrepancy must be seen in 
a non-homogeneous structure, will need to perform more tests in the experiment 

Figures 3 to 6 are Baucis L 160 images, activated dust and composite structures GP5 and GP10. 

 
Figure 3 Particles Baucis L 160 
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Figure 4 Particles of activated dust 

 
Figure 5 Structure GP5 
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Figure 6 Structure GP10 
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Abstract 

ZnTa2O6 and ZnV2O6 nanomaterials were obtained by hydrothermal and co-precipitation synthesis methods. 
Optical measurements (UV-VIS) were realized for ZnTa2O6 and ZnV2O6 nanomaterials. Using the drop casting 
method sandwich structures of ZnTa2O6 and ZnV2O6 nanomaterials were deposited on steel electrodes. The 
morphological characteristics for the obtained layers were investigated before the electrochemical 
measurements by scanning electron microscopy and optical microscopy. Corrosion tests in NaCl 0.1M solution 
were performed for the deposited layers on steel electrodes and the tests revealed that the best results were 
obtained for the sandwich structures using hydrothermally obtained ZnTa2O6 as first layer and ZnTa2O6 
obtained by the co-precipitation method as the second layer, i.e. 88.29% inhibition efficiency.   

Keywords: ZnTa2O6, ZnV2O6, electrochemical measurements, inhibition efficiency, anticorrosive properties 

1. INTRODUCTION  

Steel, which is one of the widely used materials in a lot of industries, is affected by the corrosion process due 
to interaction with the environment. Replacing steel elements from damaged equipment to prevent accidents 
and to ensure a good functionality of the assemblies means more expenses [1, 2]. Having as main purpose 
prevent steel corrosion and to ensure a longer lifetime for steel elements protective techniques such as: 
electroplating, anodizing, chromating, phosphating or the addition of corrosion inhibitors have been intensively 
developed [3-5]. It was already reported [6-8] that pseudo-binary oxide materials based on ZnO, such as 
ZnTa2O6 and ZnV2O6, were obtained using various synthesis methods (sol-gel, solid state, etc.) and that these 
materials could act as corrosion inhibitors for steel [9-10].  

Stimulated by the previously obtained results of our group, some of our results focused on the obtaining of 
ZnTa2O6 and ZnV2O6 pseudo-binary oxide nanomaterials by using the hydrothermal and co-precipitation 
methods are presented in this paper. Results referring to anticorrosive properties of the obtained pseudo-
binary oxides, deposited on carbon steel disk electrodes using drop casting method and studied in 0.1 M NaCl 
saline solution are also presented. 

2. EXPERIMENTAL 

To obtain ZnTa2O6 and ZnV2O6 pseudo-binary oxide nanomaterials two alternative synthesis methods were 
used: hydrothermal and co-precipitation. The starting precursors used during the synthesis for ZnTa2O6 were 
Zn(CH3COO)3·2H2O and Ta2O5 in a stoichiometric ratio 1:1. For the hydrothermal synthesis the precursors 
were mixed and the pH of the obtained solution was established to 12 with NaOH and put into an oven for 12 
h at 250 °C. After the reaction took place, the obtained product was filtered and rinsed with double distilled 
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water. For the co-precipitation method the only difference is that the settled reaction temperature was 250 °C 
for 1 h. 

To obtain ZnV2O6 were used Zn(CH3COO)3·2H2O and V2O5 in a stoichiometric ratio 1:1. The reaction 
parameters for both used synthesis methods (hydrothermal and co-precipitation) are the same that were 
described above and used to obtain ZnTa2O6. There were listed as ZnTa2O6 (h) and ZnV2O6 (h) the pseudo-
binary oxide nanomaterials obtained by hydrothermal method and as ZnTa2O6 (c) and ZnV2O6 (c) the pseudo-
binary oxide nanomaterials obtained by the co-precipitation method.  

The obtained materials were used for thin films depositions in sandwich structures in different combinations 
(see Table 1) using the drop casting method. The depositions were realized on polished carbon steel electrode 
disks, 10 mm diameter and 2 mm thick, with the following chemical composition (wt. %): Fe: 98, Al: 0.0309, 
Cu: 0.311, Si: 0.339, Mn: 0.619, Cr: 0.18, Co: 0.0138, Ni: 0.179, C: 0.165, , Mo: 0.0339, W:<0.05, Pb:<0.05, 
Nb: 0.0023, Ti:<0.005, V:<0.005, Zr:<0.005, P:<0.005 and S:<0.005. 

The diffuse reflectance spectra for each ZnTa2O6 and ZnV2O6 nanomaterials, obtained by both synthesis 
methods, were recorded at room temperature, in the wavelength range 240÷700 nm using a Lambda 950 UV-
Vis-NIR spectrometer. Acquired data were used to estimate the band gap for each sample. 

The morphology of the surfaces of the thin films depositions on carbon steel electrode disks was investigated 
using the scanning electron microscopy (SEM) using a Model Inspect S microscope.  

Table 1 Drop casting thin films depositions characteristics 
Sample Target material and deposition order Deposition Mode 

a ZnTa2O6 (h) / ZnTa2O6 (c) 

Drop-cast Sandwich 
type 

b ZnTa2O6 (h) / ZnV2O6 (h) 

c ZnTa2O6 (h) / ZnV2O6 (c) 

d ZnTa2O6 (c) / ZnTa2O6 (h) 

e ZnTa2O6 (c) / ZnV2O6 (h) 

f ZnTa2O6 (c) / ZnV2O6 (c) 

g ZnV2O6 (h) / ZnTa2O6 (h) 

h ZnV2O6 (h) / ZnTa2O6 (c) 

i ZnV2O6 (h) / ZnV2O6 (c) 

j ZnV2O6 (c) / ZnTa2O6 (h) 

k ZnV2O6 (c) / ZnTa2O6 (c) 

l ZnV2O6 (c) / ZnV2O6 (h) 

It was also investigated the inhibition efficiency (IE) of the thin films depositions by electrochemical 
measurements. The electrochemical characterization of the modified carbon steel electrode disks was 
performed using a potentiostat type Voltalab Model PGZ 402. The potentiostat was coupled with a three 
electrode electrochemical cell comprising: a counter electrode (platinum wire), a reference electrode (a 
saturated calomel electrode) and working electrodes (bare or drop casting modified carbon steel disks (OL) 
mounted into a Teflon body to ensure an active surface of 0.28 cm2). The potentiodynamic measurements 
were performed by sweeping the potential in the range (-1.3 ÷ -0.6 V range) at a scan rate (ν) of 1 mV / s and 
maintaining constant temperature of 23 °C. For the corrosion studies a 0.1 M NaCl saline solution was used 
and the open circuit potential (OCP) of the modified electrodes was monitored for 30 minutes before 
polarization. 
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3. RESULTS AND DISSCUSION 

For the nanomaterials obtained using the two synthesis methods, before their depositions on carbon steel disk 
electrodes, diffuse reflectance spectra were recorded. Converting the acquired data, the absorbance spectra 
were obtained and the corresponding values were inserted into the Kubelka - Munk equations [11-12]. Thus, 
was plotted {(k / s) hν}2 vs. hν for each sample, as it can be seen in Figure 1, and the optical band gaps values 
were estimated (hν represents the photon energy, k represents the absorption coefficient and s is the scattering 
coefficient). 

The estimated values for the optical band gaps of the analyzed nanomaterials are: Eg (ZnTa2O6 (h)) = 3.22 eV, 
Eg (ZnTa2O6 (c)) = 3.24 eV, Eg (ZnV2O6 (h)) = 3.19 eV and Eg (ZnV2O6 (c)) = 3.12 eV.   

 
Figure 1 The obtained optical band gaps for each material before the drop casting depositions:  

a) ZnTa2O6 (h); b) ZnTa2O6 (c), c) ZnV2O6 (h); d) ZnV2O6 (c) 

Figure 2 presents the SEM micrographs of the obtained thin films on carbon steel disk electrodes, by 
deposition of the obtained nanomaterials in sandwich-type structures, using the drop casting method. 

As it can be seen from Figure 2, the deposited particles that are present on the surface of the carbon steel 
electrodes form irregular agglomerations. For the realized depositions which involve ZnV2O6 hydrothermally 
obtained, it can be observed that spherical particles are combined with rode shapes particles. Morphologies 
that are mimicking natural plants were generated, looking like: blowball (dandelion) as shown in  
Figure 2-h and i or like cabbage as presented in Figure 2k. 

In Figure 3 is presented the evolution of the open circuit potential versus time for bare OL and modified carbon 
steel disk electrodes in 0.1 M NaCl saline solution for 30 minutes. It is observed that the OCP for the modified 
electrodes shifts to more positive values comparing with bare OL's OCP. Also, is observed that around 1000 
s, some of the deposited sandwich structures are stabilized Figures 3 (a, b, i, f, g) while some are constantly 
decreasing in potential Figures 3 (c, h, l). 
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Figure 2 SEM micrographs for the deposited materials in sandwich layers: a) ZnTa2O6 (h) / ZnTa2O6 (c);  
b) ZnTa2O6 (h) / ZnV2O6 (h); c) ZnTa2O6 (h) / ZnV2O6 (c); d) ZnTa2O6 (c) / ZnTa2O6 (h); e) ZnTa2O6 (c) / 

ZnV2O6 (h); f) ZnTa2O6 (c) / ZnV2O6 (c); g) ZnV2O6 (h) / ZnTa2O6 (h); h) ZnV2O6 (h) / ZnTa2O6 (c); i) ZnV2O6 (h) 
/ ZnV2O6 (c); j) ZnV2O6 (c) / ZnTa2O6 (h); k) ZnV2O6 (c) / ZnTa2O6 (c) and l) ZnV2O6 (c) / ZnV2O6 (h) 

 

Figure 3 Evolution of open circuit potential with time for the investigated electrodes in 0.1 M NaCl saline 
solution for: OL (bare electrode), a) ZnTa2O6 (h) / ZnTa2O6 (c); b) ZnTa2O6 (h) / ZnV2O6 (h); c) ZnTa2O6 (h) / 
ZnV2O6 (c); d) ZnTa2O6 (c) / ZnTa2O6 (h); e) ZnTa2O6 (c) / ZnV2O6 (h); f) ZnTa2O6 (c) / ZnV2O6 (c); g) ZnV2O6 

(h) / ZnTa2O6 (h); h) ZnV2O6 (h) / ZnTa2O6 (c); i) ZnV2O6 (h) / ZnV2O6 (c); j) ZnV2O6 (c) / ZnTa2O6 (h); k) 
ZnV2O6 (c) / ZnTa2O6 (c) and l) ZnV2O6 (c) / ZnV2O6 (h) 
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Tafel representation of polarization curves for the studied electrodes are represented in Figure 4 and the 
summarized Tafel parameters according to the electrochemical measurements are presented in Table 2. 

 
Figure 4 Tafel representation of polarization curves recorded in 0.1 M NaCl saline solution for the 

investigated electrodes: OL (bare electrode); a) ZnTa2O6 (h) / ZnTa2O6 (c); b) ZnTa2O6 (h) / ZnV2O6 (h); c) 
ZnTa2O6 (h) / ZnV2O6 (c); d) ZnTa2O6 (c) / ZnTa2O6 (h); e) ZnTa2O6 (c) / ZnV2O6 (h); f) ZnTa2O6 (c) / ZnV2O6 

(c); g) ZnV2O6 (h) / ZnTa2O6 (h); h) ZnV2O6 (h) / ZnTa2O6 (c); i) ZnV2O6 (h) / ZnV2O6 (c); j) ZnV2O6 (c) / 
ZnTa2O6 (h); k) ZnV2O6 (c) / ZnTa2O6 (c) and l) ZnV2O6 (c) / ZnV2O6 (h). 

The Tafel parameters were calculated using VoltaMaster 4 v.7.09 software and the inhibition efficiency (IE) 
was calculated based on the equation reported in [13]. It was found that the corrosion potential Ecorr decrease 
from -866.4 mV (the corresponding current density icorr = 28.7318 µA / cm2) for the bare OL to -971.7  
(icorr = 12.5647 µA / cm2) for the depositions with ZnTa2O6 (c) as first layer and ZnV2O6 (h) as second layer. 

Table 2 The Tafel parameters for bare OL and modified electrodes after 30 minutes immersion in 0.1 M NaCl  
  saline solution 

Electrode E (i=0) 
(mV) 

Rp 
(kΩ∙cm2) 

Icorr 

(µA/cm2) 
βa 

(mV) 
βc 

(mV) 
Vcorr 

(µm/y) 
IE (%) 

OL -866.4 0.5839 28.7318 184.3 -65.7 336.0 - 

ZnTa2O6 (h) / ZnTa2O6 (c) -926.0 4.58 3.3639 290.3 -52.8 39.34 88.29  

ZnTa2O6 (h) / ZnV2O6 (h) -971.0 0.912 22.1579 481.1 -19.7 259.1 22.88 

ZnTa2O6 (h) / ZnV2O6 (c) -912.2 2.38 10.7117 294.8 -95.3 125.2 62.71 

ZnTa2O6 (c) / ZnTa2O6 (h) -949.8 1.87 4.2930 73.2 -36.7 58.21 85.05 

ZnTa2O6 (c) / ZnV2O6 (h) -971.7 1.06 12.5647 150.4 -19.7 146.9 56.26 

ZnTa2O6 (c) / ZnV2O6 (c) -878.3 3.90 4.3328 110.0 -103.6 50.67 84.91 

ZnV2O6 (h) / ZnTa2O6 (h) -921.6 2.52 4.4336 90.8 -58.7 51.85 84.56 

ZnV2O6 (h) / ZnTa2O6 (c) -943.2 1.10 7.1008 117.1 -48.3 83.05 75.28 

ZnV2O6 (h) / ZnV2O6 (c) -888.0 2.77 11.0678 297.0 -138.9 129.4 61.47 

ZnV2O6 (c) / ZnTa2O6 (h); -962.0 1.09 17.1487 280.8 -24.1 200.5 40.31 

ZnV2O6 (c) / ZnTa2O6 (c) -963.7 1.15 3.9217 46.2 -22.2 45.86 86.35 

ZnV2O6 (c) / ZnV2O6 (h) -868.3 3.73 4.8585 145.0 -98.5 56.82 83.09 
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The deposited layers of ZnTa2O6 (h) / ZnTa2O6 (c) on modified carbon steel disk electrode present the best 
inhibition efficiency, i. e. 88.29 %. The highest polarization resistance (Rp) increase from 0.5839 kΩ∙cm2 for 
bare OL to 4.58 kΩ∙cm2 which corresponds to the sandwich structure with the highest IE. Also, in Table 2 are 
presented the values for the Tafel slopes, βa - the anodic Tafel slope which was found to be larger than the 
cathodic Tafel slope - βc for each realized deposition. 

4. CONCLUSION 

ZnV2O6 and ZnTa2O6 pseudo-binary oxide nanomaterials were obtained using the hydrothermal and the co-
precipitation methods. In the case of the deposited layers involving HV nanomaterials, alongside the spherical 
particles agglomerations was observed rods like shape particles and blowball structures. The optical band 
gaps estimation showed values of 3.1 ÷ 3.2 eV for the obtained nanomaterials. 

The performed corrosion tests in 0.1 M NaCl saline solution revealed that the best result in corrosion inhibition 
i.e. 88.29 % inhibition efficiency was obtained for the sandwich structures using as first layer ZnTa2O6 
hydrothermally obtained and as second layer ZnTa2O6 obtained by co-precipitation method. 
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Abstract  

Hydrothermally obtained Mg3Ta208 pseudo-binary nanomaterial from MgO and Ta2O5 (3:1) precursors was 
deposited using the pulsed laser deposition (PLD) technique on carbon steel disks. The PLD main processes 
parameters, i.e. the pulse energy and the deposition time were varied in order to determine the combination 
that ensures the best corrosion inhibition. Morphological investigations were carried out (scanning electron 
microscopy and atomic force microscopy). The anticorrosive properties of the deposited layers were studied 
in 0.3 M NaCI saline solution. The best anticorrosive protection was observed in the case of the deposited 
layers on carbon steel disk using the lower energy, i.e. 10mJ for a deposition time of 60s, i.e. 61.94 % inhibition 
efficiency. 

Keywords: Mg oxide, hydrothermal, AFM, corrosion, PLD  

1. INTRODUCTION  

Steel is one of the most used material in constructions and in a lot of other industries, e.g. power plants, 
petroleum industry, etc. due to its good structural and mechanical properties compared with its price, although 
is affected by corrosion. Corrosion is a natural process which affects the integrity of steel at its interaction with 
environment and this affects the integrity of the equipment and constructions that make use of it [1-3]. To 
prevent control and reduce this process, a lot of researches were focused on understanding the process and 
on offering solutions for these. Recent advances were noticed in using corrosion inhibitors alongside other 
anticorrosive methods (electroplating, anodizing, chrome-ting, etc.) [1, 4]. 

Corrosion inhibitors can be different types of materials with specific properties and can applied onto a surface 
as a protective layer. Pseudo-binary oxides as: Zn(Ta1-xNbx)2O6, Zn3Ta2O8 and Zn3Nb2O8 were already 
reported in literature as acting like corrosion inhibitors with excellent results [5-7].  

Beside new materials development, novel techniques for depositing of the corrosion inhibitors were used / 
developed. Pulse laser deposition (PLD) represent such a technique which implies the irradiation of a target 
with a laser with the purpose to transport its solid components onto a substrate and thus obtaining a thin films 
[8-12]. The PLD technique have been successfully applied to a wide range of materials [13].  

Also, studying the environments in which an inhibitor acts better in combination with a certain type of steel - 
dependent onto the future function of the steel component - are necessary to identify the appropriate corrosion 
inhibitor. The anticorrosion tests for the corrosion inhibitors are performed in various environments like: NaCl, 
HCl, H2SO4, Na2SO4 [1-3, 5-7]. 

The present study was focused on obtaining of Mg3Ta2O8 pseudo-binary nanomaterial and on its morphological 
and topographical characterization. Another purpose of this study was to evaluate the anticorrosive properties 
of PLD depositions of Mg3Ta2O8 on carbon steel disk electrodes in 0.3 mole / L NaCl saline solution. 
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2. EXPERIMENTAL  

2.1. Synthesis  

Powder sample of Mg3Ta2O8 pseudo-binary oxide nanomaterials were obtained using the hydrothermal 
method. The precursors used during the synthesis were MgO (99%, Sigma) and Ta2O5 (99.99%, Sigma) while 
keeping the molar ratio 3:1. The pH values for the synthesis were fixed at 12. The obtained mixture were 
placed into an oven for 12 hours at 250 °C and after the synthesis reaction the precipitate was filtrated, washed 
with distilled water, then dried. 

2.2. Apparatus 

The surface morphologies of the PLD realized depositions and the dimensions of particles from the surface 
were investigated using scanning electron microscopy (SEM - Model Inspect S) and atomic force microscopy 
(AFM - Model Nanosurf EasyScan 2 Advanced Research). For AFM measurements was used the noncontact 
mode cantilever (scan size 2.29 µm x 2.29 µm). 

The deposited structures of Mg3Ta2O8 nanomaterials were obtained by PLD technique on carbon steel disks 
electrodes (OL) (2 mm thick, 10 mm diameter) with the chemical composition (wt.%): Fe: 98; Si: 0.339;  
Al: 0.0309; Mo: 0.0309; Nb; 0.0023; Ti: < 0.005; Mn: 0.619; Co: 0.0138; V: < 0.005; Cr: 0.18; Cu: 0.311;  
Zr: < 0.005; Ni: 0.179; W: < 0.05; P: , 0.005; C: 0.165; Pb:< 0.05 and S: < 0.005. 

Before the realizations of the depositions, the carbon steel disks surfaces were mechanically polished using 
emery paper (different grades), rinsed with double distilled water and degreased in ethanol. Then, using a 
vacuum chamber (2.9x10-4mbar) in combination with an Ekspla SL212P / SH / FH Nd: YAG laser equipment, 
the deposited structures were realized. The pulse energy (Ep1 = 10 mJ, Ep2 = 30 mJ, Ep3 = 50 mJ) and the 
deposition time (t1 = 30 s, t2 = 60 s) were varied in order to determine the combination that ensures the best 
corrosion inhibition. 

The modified disk electrodes were characterized from an electrochemical point of view using a potentiostat 
(Voltalab Model PGZ 402) coupled with a three electrode electrochemical cell, comprised of: a platinum wire 
as counter electrode, a satured calomel electrode as reference electrode and bare or PLD modified carbon 
steel disk as working electrode. To ensure a controlled active surface, the working electrodes were mounted 
into a Teflon body. The potentiodynamic polarization measurements were recorded at room temperature  
(23 °C). The potential was swept in the -1.3 V ÷ -0.6 V at a scan rate of 1 mV /s. The open circuit potential 
(OCP) of the modified electrodes was monitored for 30 minutes before polarization. The electrolyte solution 
used for the corrosion tests was 0.3 mole /L Nalco. 

The parameters used for the PLD depositions are given in Table 1. 

Table 1 PLD thin films deposition characteristics 

Sample Deposited 
material Pulse energy Deposition time 

a 

Mg3Ta2O8 

Ep1 = 10 mJ 

t1 = 30 s b Ep2 = 30 mJ 

c Ep3 = 50 mJ 

d Ep1 = 10 mJ 

t2 = 60 s e Ep2 = 30 mJ 

f Ep3 = 50 mJ 

g OL electrode   
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3. RESULTS AND DISSCUSION 

In Figure 1 are presented the SEM micrographs for the realized depositions of Mg3Ta2O8 using PLD technique. 
The micrographs reveal a uniform deposition of the nanomaterial for all electrodes and that the density of the 
particle's agglomeration increase with time deposition (Figures 1 d), e) and f)).  

    

   
Figure 1 SEM micrographs of Mg3Ta2O8 pseudo-binary oxide nanomaterial deposited using PLD technique 
on carbon steel disks varying the pulse energy and the deposition time: a) Mg3Ta2O8 (Ep1, t1); b) Mg3Ta2O8 

(Ep2, t1); c) Mg3Ta2O8 (Ep3, t1); d) Mg3Ta2O8 (Ep1, t2);  e) Mg3Ta2O8 (Ep2, t2);  f) Mg3Ta2O8 (Ep3, t2); g) OL 
electrode 

Figure 2 shows 2D AFM surface images of the PLD deposited structures using Mg3Ta2O8 nanomaterials and 
varying the deposition parameters Ep and t. As it can be seen from these images, the morphologies of the thin 
films deposited in 60 s preserve the morphology of their corresponding thin films deposited in 30 s with the 
same Ep. 

    

    
Figure 2 2D AFM surface images of: a) Mg3Ta2O8 (Ep1, t1); b) Mg3Ta2O8 (Ep2, t1); c) Mg3Ta2O8 (Ep3, t1);  

d) Mg3Ta2O8 (Ep1, t2); e) Mg3Ta2O8 (Ep2, t2); f) Mg3Ta2O8 (Ep3, t2); g) OL electrode 

From the AFM data, according to [14], were calculated the surface roughness: Sa - the average roughness 
and Sq - the mean square root roughness, as is given in Table 2. The smallest values for Sa and Sq were 
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obtained for the carbon steel electrode modified with Mg3Ta2O8 (Ep1, t2). These values indicated that the PLD 
deposition was uniform and continuous, which means that the material has the property of protecting a surface. 

Also, the dimension of the particles that are present on the surface of the PLD deposited thin films and their 
layer thickness (Sy) were calculated and presented in Table 2. 

Table 2 Surface particle dimensions and the nano-roughness 

Sample Area (pm2) Sa 
(nm) 

Sq 
(nm) 

Sy 
(µm) Particle dimension (nm) 

a 5.305 23 28 0.24 121 

b 5.305 40 49 0.40 133 

c 5.305 22 27 0.16 38 

d 5.305 17 22 0.17 90 

e 5.305 39 50 0.34 177 

f 5.305 27 35 0.22 90 

The open circuit potential versus time for bare and modified carbon steel disk electrodes in 0.3 mole / L NaCl 
saline solution for 30 minutes is shown in Figure 3 (a). It can be observed that the PLD deposited layers 
determinate the shifting of the OCP of the electrodes toward more positive values compared to the bare OL. 

Tafel plots of the carbon steel disk electrodes modified with PLD deposited layers of Mg3Ta2O8 recorded in 0.3 
mole / L NaCl saline solution are presented in Figure 3 (b). The Tafel parameters obtained from Tafel plots 
are shown in Table 3. 

 

Figure 3 a) Evolution of open circuit potential with time for investigated electrodes, in 0.3 mole / L NaCl 
saline solution; b) Tafel representation of polarization curves recorded in 0.3 mole / L NaCl saline solution 

As it can be seen in Table 3, for the bare OL electrode was measured a corrosion potential (Ecorr) of -905.6 
mV and the corresponding current density (icorr) is 11.7579 µA/cm2. For all modified electrodes, due to the 
process of deposition of the nanomaterial, the polarization curves were shifted towards lower corrosion current 
densities which suggest a better stability of the covering nanomaterial. For the bare OL electrode was also 
recorded the larger polarization resistance (Rp) 2.79 kohm∙cm2 decreasing slightly for the other modified 
electrodes. 
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The inhibition efficiency (IE) was calculated for each one of the PLD deposited layers of Mg3Ta2O8 on the 
carbon steel disk electrodes using the equation from [15]. The highest IE of 61.94 % was obtained for the PLD 
deposition of Mg3Ta2O8 on carbon steel electrode disk using a pulse energy of 10 mJ for a deposition time of 
60 s. 

Table 3 The Tafel parameters calculated for the investigated electrodes after 30 minutes immersion in 0.3  
  mole / L NaCl solution 

Sample E (i=0) (mV) Rp (kohm∙cm2) Icorr 
(µA/cm2) Vcorr (µm/y) IE (%) 

OL -905.6 2.79 11.7579 137.5 - 

a -970.5 1.07 5.0089 58.58 57.39 

b -951.5 1.42 5.3826 62.95 54.22 

c -963.1 1.25 4.8175 56.34 59.02 

d -970.0 1.02 4.4742 52.33 61.94 

e -961.3 1.53 4.7347 55.37 59.73 

f -945.9 2.52 4.63 54.23 60.62 

4. CONCLUSION 

Mg3Ta2O8 pseudo-binary oxide nanomaterial was obtained by hydrothermal method and successfully 
deposited on carbon steel disk electrodes using the PLD technique. AFM analysis revealed that a longer 
deposition times will not influence the morphology of the surfaces.  

The corrosion tests revealed that increasing the deposition time, in the same conditions of pulse energy, the 
IE increases too. It seems like a longer deposition time offers the condition for an uniform and continuous 
deposition. The best anticorrosive protection was observed in the case of the deposited layers on carbon steel 
disk using the lower energy, i.e. 10mJ for a deposition time of 60s, i.e. 61.94 % inhibition efficiency. 
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Abstract 

This paper presents some results of the study regarding the corrosion inhibition properties evaluated in HCl 
environment of drop casting deposited layers on steel, using ZnV2O6 oxide (obtained by hydrothermal and co-
precipitation methods) and two Zn-metalloporphyrins, namely: Zn-5-pyridyl-10,15,20-tris(3,4-
dimethoxyphenyl)-porphyrin (ZnPyDiMeOPP) and Zn-5(3OH-phenyl)-10,15, 20-tris-(3,4-dimethoxyphenyl)-
porphyrin (Zn3OHtris34DiMeOPP). 

The open circuit potential measurement and potentiodynamic polarization electrochemical technique with Tafel 
representation were used to investigate the corrosion protection of mixed sandwich deposited layers. 

The performed tests revealed that the best corrosion resistance was obtained in the case of the steel coated 
with hydrothermally obtained ZnV2O6 oxide as first layer and Zn-5-pyridyl-10,15,20-tris(3,4-dimethoxyphenyl)-
porphyrin (ZnPyDiMeOPP) as the second layer, i. e. 70.58 % inhibition efficiency.  

Keywords: Zinc oxides, porphyrin, thin films, AFM, corrosion 

1. INTRODUCTION 

Steel is an extensively used material in constructions and in many industries, especially in petroleum industry 
and power plants [1-3]. Although steel presents exceptionally structural and mechanical properties, steel is 
exposed at intensive corrosion as a result of its interaction with the environment. Due to the fact that corrosion 
can affect the integrity of the assemblies build from steel, methods to prevent and diminish its corrosion were 
developed. The coating with corrosion inhibitors is one of these methods (beside electroplating, chromating, 
anodizing etc.) [1] that is used to decrease the damage produced by this process. The oxide nanomaterial 
ZnV2O6 is already a well-known material considered for potential applications in lithium secondary battery, light 
emitting diodes [4-5] or rechargeable Na-ion energy storage [6]. Until present ZnV2O6 was obtained using 
various methods of synthesis from melt-quenching method [4], sol-gel method [7] to rheological phase reaction 
method [5].  

Porphyrins are highly recognized as inhibitors that can reduce corrosion rate usually by adsorbing on the 
surface of the metal to form a compact protective or passive film [8]. Being extended π-electronic systems, 
porphyrins act as Lewis acids and have been found to possess excellent anticorrosion properties. Besides, 
porphyrins are chelating agents with strong bonding capability of interaction with metal surfaces [9]. 

Due to the fact that oxides and porphyrins thin films depositions already proved to possess anticorrosion 
properties by presenting an excellent degree of inhibition efficiency [10], the aims of this paper is to present 
results of experimentally investigations regarding inhibition of corrosion of carbon steel in aggressive 0.1 M 
HCl media by using coatings of ZnV2O6 (obtained by hydrothermal or co-precipitation method), and  
Zn-metalloporphyrins: Zn-5-pyridyl-10,15,20-tris(3,4-dimethoxyphenyl)-porphyrin (ZnPyDiMeOPP) or Zn-
5(3OH-phenyl)-10,15, 20-tris-(3,4-dimethoxyphenyl)-porphyrin (Zn3OHtris34DiMeOPP). 
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2. EXPERIMENTAL PART 

2.1. Synthesis 

ZnV2O6 oxide was synthesized using two synthesis methods: hydrothermal or co-precipitation. The starting 
precursors were the same for both methods: Zn(CH3COO)3·2H2O (99.99, %) and V2O5 (99.99 %) in a 1:1 
molar ratio. In the case of the hydrothermal synthesis, to obtain the ZnV2O6 oxide a 250°C temperature was 
used for 12 h, the pH of the solution being established at 12. In case of obtaining ZnV2O6 oxide by co-
precipitation method the time for the reaction was 1 h at 250°C. 

The Zn-metalloporphyrins were obtained by metalation of the corresponding porphyrin bases that were 
synthesized by multicomponent synthesis procedures, by using two different aldehydes in condensation 
reaction with pyrrole [11]. 

2.2. Apparatus 

To perform the anticorrosive tests, single and sandwich structures were obtained by drop casting method on 
carbon steel disks electrode using the obtained ZnV2O6 oxides (by different hydrothermal or co-precipitation 
synthesis methods) and one of the porphyrins.  

The passive layers containing nanomaterials (ZnV2O6 oxides and / or porphyrins) (see Table 1) were deposited 
through the drop casting method on carbon steel disks (2 mm thick and 10 mm diameter) with the chemical 
composition: (wt. %) Fe: 98, Si: 0.339, Mn: 0.619, Cu: 0.311, Cr: 0.18, Ni: 0.179, C: 0.165, Al: 0.0309, Mo: 
0.0339, Co: 0.0138, W:<0.05, Pb:<0.05, Nb: 0.0023, Ti:<0.005, V:<0.005, Zr:<0.005, P:<0.005 and S:<0.005. 
Before the depositions the electrode surface was mechanically polished using emery paper, rinsed with double 
distilled water and degreased with ethanol. For the drop casting method acetone was used. In Table 1 are 
presented the structure and the combinations of ZnV2O6 oxides and of porphyrins which were deposited on 
carbon steel electrodes (OL). There were listed as ZnV2O6 (h) the ZnV2O6 oxide obtained by the hydrothermal 
method and as ZnV2O6 (c) the ZnV2O6 oxide obtained by the co-precipitation method. 

Morphological and topographical analysis of the obtained single and sandwich-like structures were performed 
by scanning electron microscopy (SEM - Model Inspect S) and atomic force microscopy (AFM - Model 
Nanosurf@ EasyScan 2 Advanced Research) using the noncontact mode cantilever (scan size of 2.3 µm x 
2.3 µm).  

Table 1 Drop casting thin films depositions 

Target material and deposition order Deposition mode 

ZnV2O6 (h) Mono layer 

ZnV2O6 (c) Mono layer 

ZnPyDiMeOPP Mono layer 

Zn3OHtris34DiMeOPP Mono layer 

ZnV2O6 (h) / ZnPyDiMeOPP Sandwich 

ZnV2O6 (h) / Zn3OHtris34DiMeOPP Sandwich 

ZnV2O6 (c) / ZnPyDiMeOPP Sandwich 

ZnV2O6 (c) / Zn3OHtris34DiMeOPP Sandwich 

ZnPy-DiMeOPP / ZnV2O6 (h) Sandwich 

ZnPy-DiMeOPP / ZnV2O6 (c) Sandwich 

Zn3OHtris34DiMeOPP / ZnV2O6 (h) Sandwich 

Zn3OHtris34DiMeOPP / ZnV2O6 (c) Sandwich 
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The electrochemical measurements used to investigate the anticorrosive properties of samples were 
performed on a Voltalab Model PGZ 402 potentiostat coupled with a three electrode electrochemical cell 
consisting of: a platinum wire counter electrode, a saturated calomel electrode as reference electrode and the 
working electrodes (bare or drop casting modified OL - mounted into a Teflon body to ensure a controlled 
active surface of 0.28 cm2). The potentiodynamic polarization measurements were performed at 23 °C by 
sweeping the potential from -1.3 V to -0.6 V, at a scan rate of 1 mV / s. The solution used for the corrosion 
studies was 0.1 M HCl. The open circuit potential (OCP) of the modified electrodes was monitored for 30 
minutes before polarization. The degree of inhibition efficiency IE (%) was calculated using the background 
equations [12].  

3.  RESULTS AND DISCUSSION 

The morphology of the obtained ZnV2O6 oxide through the two synthesis methods and of the porphyrins 
depositions on carbon steel electrodes was investigated using SEM. The SEM micrographs presented in 
Figure 1 reveal the formation of spherical agglomerates combined with an irregular morphology of rode shape 
in the case of ZnV2O6 (h) (Figure 1a). It also can be observed that the deposited sandwich structures 
Figure 1e, f, i and k preserve the morphology of their corresponding monolayer thin films Figure 1a. In the 
case of ZnV2O6 (c), Figure 1b, the SEM micrograph reveals a morphology consisting in the formation of an 
irregular agglomeration, a shape that is preserved in the deposited sandwich structures which contain ZnV2O6 

(c): Figure 1g, h, j and l. 

 

Figure 1 The SEM micrographs of: a) ZnV2O6 (h); b) ZnV2O6 (c); c) ZnPyDiMeOPP;  
d) Zn3OHtris34DiMeOPP; e) ZnV2O6 (h) / ZnPyDiMeOPP; f) ZnV2O6 (h) / Zn3OHtris34DiMeOPP;  

g) ZnV2O6 (c) / ZnPyDiMeOPP; h) ZnV2O6 (c) / Zn3OHtris34DiMeOPP; i) ZnPyDiMeOPP / ZnV2O6 (h);  
j) ZnPyDiMeOPP / ZnV2O6 (c); k) Zn3OHtris34DiMeOPP / ZnV2O6(h); l) Zn3OHtris34DiMeOPP / ZnV2O6 (c) 

In Figure 2 are presented the 2D topography for the thin film depositions of ZnV2O6 (h), ZnV2O6 (c) and of the 
ZnPy-DiMeOPP and Zn3OHtris34DiMeOPP porphyrins. As in the case of the SEM images, it can be observed that 
the deposited sandwich structures preserve the morphology of their corresponding mono-layer: Figure 2e, f, 
i and k vs. Figure 2a and Figure 2g, h, j and l vs. Figure 2b. In Figure 2, images c, e, f and g, where the 
porphyrin layers are above the oxide it can be seen the specific kwatarion structure of porphyrins aggregates. 

From AFM analysis data, using the NanoSurf EasyScan 2 software, were determined the dimensions of the 
particles that were present on the surface as it can be seen in Table 2. The smallest particle dimension, 33 nm, 
corresponds to the Zn3OHtris34DiMeOPP / ZnV2O6 (c) sandwich structure, while the larger dimension of 
115 nm appears in the case of the particles presented on the surface of the ZnPyDiMeOPP porphyrin mono 
layer, that is probably due to the distortion of porphyrin from planar shape to ruffed or saddle conformation. It 
also were calculated the surface roughness Sa - the average roughness, Sq - mean square root roughness and 
Sy which represents the layer thickness. 
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Figure 2 2D AFM surface images of: a) ZnV2O6 (h); b) ZnV2O6 (c); c) ZnPyDiMeOPP;  
d) Zn3OHtris34DiMeOPP; e) ZnV2O6 (h) / ZnPyDiMeOPP; f) ZnV2O6 (h) / Zn3OHtris34DiMeOPP;  

g) ZnV2O6 (c) / ZnPyDiMeOPP; h) ZnV2O6 (c) / Zn3OHtris34DiMeOPP; i) ZnPyDiMeOPP / ZnV2O6 (h); 
j) ZnPyDiMeOPP / ZnV2O6 (c); k) Zn3OHtris34DiMeOPP / ZnV2O6(h); l) Zn3OHtris34DiMeOPP / ZnV2O6 (c) 

Table 2 Surface particle dimensions and the nano-roughness 

Deposited Specimen Type Particle dimension 

(nm) 

Sa 

(nm) 

Sq 

(nm) 

Sy 

(µm) 

ZnV2O6 (h) 71 11 14 0.088 

ZnV2O6 (c) 29-30 13 16 0.11 

ZnPyDiMeOPP 115 37 46 0.26 

Zn3OHtris34DiMeOPP 65 12 15 0.11 

ZnV2O6 (h) / ZnPyDiMeOPP 53 29 37 0.19 

ZnV2O6 (h) / Zn3OHtris34DiMeOPP 43 18 21 0.13 

ZnV2O6 (c) / ZnPyDiMeOPP 68 17 21 0.14 

ZnV2O6 (c) / Zn3OHtris34DiMeOPP 46 11 14 0.098 

ZnPyDiMeOPP / ZnV2O6 (h) 45 6.7 9.2 0.072 

ZnPyDiMeOPP / ZnV2O6 (c) 68 13 18 0.13 

Zn3OHtris34DiMeOPP / ZnV2O6 (h) 65 21 24 0.13 

Zn3OHtris34DiMeOPP / ZnV2O6 (c) 33 23 29 0.15 

In Figure 3a are represented the plots for the OCP with time for the investigated electrodes in 0.1 M HCl 
solution for 30 minutes. As it can be observed, for the sandwich layers structures, the values for potential are 
higher than for the single layers structures. The curves stabilize after 200 s. The evolution in time of the open 
circuit potential indicates a shift in free potential toward more negative values. 

The Tafel curves (potential vs. log current density) of the modified OL disks with drop casting deposited layers 
(mono or sandwich structures) recorded in 0.1 M HCl are presented in Figure 3b. The Tafel parameters 
calculated for the investigated electrodes are illustrated in Table 3. The highest value for the inhibition 
efficiency (IE), 70.58 %, was obtained in the case of the deposited sandwich structure ZnV2O6 (h) / 
ZnPyDiMeOPP. The corrosion potential Ecorr of the bare OL electrode is -501.5 mV and the corresponding 
corrosion current density icorr is 0.9329 mA / cm2. In the case of the deposition with the highest IE, Ecorr presents 
the largest value from all the analyzed electrodes obtained values, -401 mV, and icorr is 0.2745 mA / cm2. 
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Figure 3 a) Evolution of OCP with time for investigated electrodes in 0.1 HCl solution for the realized 
depositions; b) Tafel representation of polarization curves recorded in 0.1 M HCl for the studied electrodes 

It can be also noticed that the corrosion current intensity values of carbon steel material in 0.1 M HCl solution 
decrease from 0.93 mA / cm2 for bare OL for all the depositions going to the lowest value of 0.27 mA / cm2 for 

the ZnV2O6 (h) / ZnPyDiMeOPP which offers the best inhibition efficiency in relationship with the capacity of this 
porphyrin to develop non-planar conformations and to form high aggregates with kwatarionic architectures. 

Table 3 The Tafel parameters of investigated electrodes after 30 minutes immersion in 0.1 M HCl solution 

Electrode Ecorr 

(mV) 

Rp  

(Ω·cm2) 

i corr  

(mA / cm2) 

Vcorr 

 (mm / y) 

IE  

(%) 

OL -501.5 64.54 0.9329 3.210 - 

ZnV2O6 (h) -431.9 53.76 0.5047 5.903 45.89 

ZnV2O6 (c) -429.9 38.98 0.4904 5.735 47.43 

ZnPy-DiMeOPP -435.9 43.80 0.4790 5.602 48.65 

Zn3OHtris34DiMeOPP -435.8 40.56 0.5331 6.235 42.85 

ZnV2O6 (h) / ZnPyDiMeOPP -401.0 76.85 0.2745 3.210 70.58 

ZnV2O6 (h) / Zn3OHtris34DiMeOPP -404.8 60.81 0.3788 4.430 58.97 

ZnV2O6 (c) / ZnPyDiMeOPP -413.4 58.88 0.3271 3.825 64.93 

ZnV2O6 (c) / Zn3OHtris34DiMeOPP -422.3 53.80 0.3747 4.382 59.83 

ZnPy-DiMeOPP / ZnV2O6 (h) -418.4 49.95 0.4460 5.216 52.19 

ZnPy-DiMeOPP / ZnV2O6 (c) -425.3 53.10 0.4256 4.978 54.37 

Zn3OHtris34DiMeOPP / ZnV2O6 (h) -416.5 57.11 0.3650 4.269 60.87 

Zn3OHtris34DiMeOPP / ZnV2O6 (c) -413.3 57.48 0.3412 3.991 63.42 

4.  CONCLUSION 

ZnV2O6 nanomaterial was successfully obtained using two different synthesis methods. ZnV2O6, ZnPyDiMeOPP 
and Zn3OHtris34DiMeOPP porphyrins were deposited in single or sandwich structures on carbon steel 
electrodes. The surface and the morphologies of the deposition were analyzed using microscopic SEM and 
AFM techniques. The electrochemical measurements for the deposited layers revealed that the best results 
regarding the inhibition efficiency (70.58%) of the deposited layers on carbon steel disks were obtained in the 
case of the sandwich structure with the first layer consisting in ZnV2O6 hydrothermally obtained and ZnPy-
DiMeOPP porphyrin as the second layer. Also, it was determined that the sandwich structures depositions 
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present a better IE than single layers depositions. The fact that porphyrin above the oxide is the best covering 
layer for corrosion inhibition might be explained by the capacity of porphyrins to be distorted from planar 
structure, creating in this way thicker layers that are more protective because of kwatarionic architectures. 
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Abstract 

Composite nanofiber materials offer advanced properties and functions applicable in many fields, especially 
in medicine. Nowadays, these materials are mainly fabricated using the DC electrospinning technology with 
multi-spinnerets electrodes designed for such purpose. For the novel, highly effective AC electrospinning 
method, spinnerets distance needs to be increased enormously in order to avoid mutual affecting of virtual 
collectors created around each of the spinnerets. This fact limits the efficient usage of multi spinnerets types 
of electrodes for production of composite nanofiber materials using the AC electrospinning technology. Here 
we show, that two independent polymeric solutions can be effectively supplied to a single unique AC electrode 
and electrospun in order to fabricate bi-component nanofiber structure. This new electrode was designed using 
a CAD software with relation to the results of electric field distribution analysed in the Autodesk Simulation 
Mechanical. The manufactured electrode was experimentally verified for simultaneous AC electrospinning of 
PVAc and PVB solutions, both with EtOH solvents. SEM scan of fabricated material proved a bi-component 
structure of the final product. Our results demonstrate the new, experimentally verified technology for 
simultaneous electrospinning of two independent polymeric solutions from a single electrode and fabricating 
of composite nanofiber material of advanced mechanical properties. Based on the kind of polymeric solution 
spun, this represents new possibilities for various applications, e.g. tissue engineering, filtration and others. 

Keywords: AC-electrospinning, AC-spinneret, AC-electrode, Composite nanofibrous material  

1. INTRODUCTION 

Nanofibrous materials are used in numerous applications, especially in medicine, e.g. tissue engineering, air, 
water and blood filtration, glaucoma treatments, and others [1]. This is primarily because of the specific surface 
and mechanical properties of nanofibrous textile structures. For further usage of these modern materials, more 
efficient means of nanofiber production needs to be introduced and applied. Industrial production of various 
nanofibrous materials is nowadays based mainly on the electrostatic spinning technology (DC electrospinning) 
[2]. This technology offers many spinable polymeric materials and the spinning process control for obtaining 
materials of required parameters. The alternating current based technology (AC electrospinning) that was 
introduced in 2012, shows promising parameters in producibility and spinning process stability. In comparison 
to DC electrospinning, the AC electrospinning enables more efficient production of nanofibers from main 
technological polymeric materials [3]. A cost-effective production of nanofibrous materials using this new 
technology indicates the potential in usage of nanofibrous materials for wide spectrum of applications. 
Requirements of more advanced applications can be reached by composite nanofibrous materials with 
enhanced mechanical, chemical, hydrodynamic, and other properties [4, 5]. There are various types of 
electrodes designed for production of composite nanofibrous materials using the DC electrospinning [2]. For 
production of co-axial nanofibrous materials, there were developed electrodes for the DC electrospinning 
technology [6, 7]. This work describes the design and parameters of the unique AC electrode that enables 
continuous production of composite nanofibrous material. 
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2. THEORY OF AC-ELECTROSPINNING 

The AC-electrospinning is a collector-less type of electrical based technology of nanofibers fabrication. A time-
varying electric field creates between the AC-charged electrode and a virtual collector, which is formed in the 
electrode surroundings by emitted oppositely charged ions [3]. Similar to DC electrospinning, this field is a 
source of electric forces. Over-critical values of electric forces destabilize the polymeric surface and creates 
Taylor cone from which the fibre is elongated [8]. Due to the massive evaporation of the solvent, extremely low 
fibre diameters can be achieved. Created nanofibers form smoke-like structure that is wafted by an electric 
wind. Fibres can be easily collected on various types of collectors or on textile structures to produce unique 
textile materials, e.g. hybrid nanoyarn. The electrodes for AC-electrospinning are described in [9]. An AC-
spinneret consists of two basic parts: tube and a spinning head. The first invented AC-electrospinning head 
was of conic shape. Electric field intensity is very important parameter during the spinning process. This 
parameter is dependent not only on applied voltage but also on curvature of the spinning head. Electric field 
intensity influences lot of parameters of created nanofibers such as diameter and their productivity. FEM 
analyses of electric field are used during design of the electrode heads. Electric field intensity is the highest at 
the spinning zone due to higher curvature of the rounded conic edge, see Figure 1. That is why the spinning 
process takes place primarily at the spinning zone after covering it with polymer solution and apllying 
appropriate value of high voltage. Because of the polarity change frequency 50 Hz in this electrospinning 
process, some of the created nanofibers may be attracted back to the electrode and end up in the surrounding 

area of the electrode or on the electrode 
itself. Despite this does not occur in 
significant amount, it may cause 
destabilizing of the process in a long-term 
operation. In order to maintain the 
spinning process stable, the amount of 
delivered solution is higher than the spun 
one. The unspun polymeric solution then 
flows over the outer surface of the 
electrode back to the reservoir, see 
Figure 2. Compact polymeric layer 
ensures nanofibers collected on the 
electrode to be dissolved again. 

 

3. ELECTRODE DESIGN AND ANALYSIS 

Design of the AC electrode must reflect the presence of the virtual collector present in this technology [10]. 
The electrode virtual collector interfere negatively with neighbour one with distance under 150 mm. Due to 
that, it is not possible to use typical multi-spinnerets electrodes in pursuit of producing mixed nanofiber 
material. It was therefore necessary to design electrode with two spinning heads which forms single virtual 
collector. This unique electrode consists of two cone-shaped spinning heads, three tubes for the transport of 
two different polymeric solutions and electrode housing. Polymeric solutions are transported to the electrode 
by external pumping system connected to the electrode housing. Electrode can be completely dissembled for 
easy maintenance after the operation. The electrode design prevents any contact or mixing of used polymeric 
solutions during the spinning process. High voltage is applied to the electrode housing and distributed by 
means of tubes and heads made of stainless steel. Two exchangeable sets of spinning heads with different 
electric field distribution were designed in order to influence the spinning process and the structure of final 
material. Design of the spinning heads geometry was derived from results of series of analyses of electric field. 
These analyses were processed in the Autodesk simulation mechanical 2015 software. The main parameter 

Figure 1 Scheme of the basic AC electrode shape 
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monitored was the distribution of electric field around spinning heads. For this purpose, the 2D axisymmetric 
model was created, see Figure 3. The geometry of the electrode was placed into quarter circle air-
surroundings. Series of analyses were carried out and their results were reflected into the geometry design. 
Electric field potential in the spinning zones have to be remarkably higher then on the top of separation tube. 
Two sets of spinning heads with different electric field distribution were designed. Spinning heads of each set 
are design with equal electric field potential on the top and the bottom head. The difference in the electric field 
potential between each set is 1000 푉/푚푚. 

 
Figure 2 Scheme of the AC electrode for composite nanofiber production 

 
Figure 3 Electrical field distribution of the 2D asymmetrical model of the AC electrode (applied voltage: 

30 kV). Left: full model. Right: detailed view of the spinning heads 

Upper spinning head 

Inner tube 

Separation tube 

Bottom spinning head 

Outer tube 

Inner polymeric solution 

Outer polymeric solution 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

381 

4. EXPERIMENT 

The manufactured prototype of the designed electrode was experimentally verified in the spinning process on 
an AC-electrospinning testing device in laboratories of Technical University of Liberec. Firstly, a sufficient 
sealing of electrode canals avoiding any leakage and solutions mixture was tested. This was proven by dosing 
two 10% (wt) polymeric solutions of PVB (Kuraray) with average molecular weight 60.000 dissolved in ethanol, 
where one solution was coloured by Prussian blue. These polymeric solutions have been circulating through 
the electrode for more than 20 minutes without any sign of colour-change that has proved sufficient sealing of 

the electrode tubes. Secondly, a combination of above mentioned 
PVB solution and 22.5% (wt) solution of PVAc (polyvinyl acetate - 
Carl Roth) with molecular weight 55.000-70.000 dissolved in 
ethanol was successfully tested in the AC electro-spinning 
process. Detail of the electrode heads from this test are depicted 
in Figure 4. The spinning process was maintained stable for more 
than 20 minutes under conditions 23°C and relative humidity 37%. 
The nanofibrous material was collected on a rotating drum with a 
spunbond. The measured productivity of this nanofibrous material 
was 0.5 g/min. The electrode was also tested with combination of 
10% solution of PVB in ethanol and 10% solution of PVA (polyvinyl 
alcohol - Sloviol R) with average molecular weight 130.000 
dissolved in H2O. In this case, it was not possible to run the process 
for longer than several minutes due to the extensive coagulation of 
one of the solution and difficulties with continuous polymeric 
circulation. During all carried out experiments was one of the 
tested polymeric solutions subsidised by Prussian blue in order to 
increase a contrast of the material in SEM scan of the final 
nanofibrous material. The spinning process from both electrode 
heads was confirmed visually during all carried out experiments. 

5. DISCUSSION 

Collected samples of manufactured nanofibrous material 
were analysed by SEM and FT-IR spectroscopy. Selected 
SEM scan of PVB-PVAc sample is shown in Figure 5. It is 
supposed that the distinctive difference in the fibres 
diameter in the sample indicates presence of both 
polymeric materials. Diameters of fibres fabricated with 
electrode heads set of equal electrical field on the spinning 
zones were measured using the NIS-Elements software. 
The mean value was 920 nm with standard deviation 520. 
It is supposed that higher value of the standard deviation, 
reflecting flat distribution function of fibre diameter, is 
caused by presence of two various materials in the 
sample. However, presence of two polymeric materials in 
the fabricated nanofibrous layer was proved by the FT-IR 
spectroscopy. FT-IR spectroscopy was carried out on 
Nicolet™ iS™ 10 FT-IR spectrometer by ATR method on 
Ge-crystal with resolution 1 cm-1 and range 4000-700 cm-1. 

Figure 4 Detail view of the electrode 
heads under the AC-electrospinning 

process (upper head - PVAC solution, 
bottom head - PVB solution). 

Figure 5 PVB-PVAc sample SEM scan 
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Results of FT-IR are shown in Figure 6. It shows the spectre of examined sample together with library-based 
spectres of PVB and PVAc. Distinctive marks of each library-based material in the spectre of the studied 
material proved the presence of both polymeric materials in the sample. 

 

Figure 6 Comparison of spectres of examined sample (4B), PVAc and PVB. Significant features of particular 
material in the spectre of the fabricated nanofibrous material are marked in the graph 

6. CONCLUSION 

The newly designed electrode was analysed, manufactured and successfully tested on a laboratory AC-
electrospinning device at Technical University in Liberec. It shows that the AC-electrospinning technology can 
be used also for production of composite nanofibrous materials of advanced mechanical and chemical 
properties. The electrode geometry was designed according to results of electrical field analyses and tested 
for selected polymeric solutions. Experimental verification proved the ability of simultaneous spinning of PVAc 
and PVB polymeric solutions continuously without any detected obstacles. The presence of both material 
components in the fabricated nanofibrous layer was proved by FT-IR spectroscopy and visually during the 
electrospinning process. In the case of electrospinning of PVB (dissolved in ethanol) and PVA (dissolved in 
H2O), the process became unstable after several minutes due to extensive coagulation. Despite of avoiding 
any contact of polymeric solutions on the electrode, extensive solvent evaporation during the fibre formation 
may contaminate other polymeric solution and thus negatively affect the polymeric solution properties. It is 
therefore suggested to use polymeric solutions based on the same solvents only. However, under these 
preconditions it is possible to run the AC electrospinning continuously with the productivity approx. 0.5 g/min. 
Thanks to replaceable heads of the electrode it is also possible to design another special set of spinning heads 
that reflects the required electrical field intensity for particular polymeric materials. Another work will be also 
focused on investigation of the relation between final material structure and spinning heads electric field 
distribution. The described model represents a useful tool for such purpose. The upcoming research will be 
therefore subjected to further testing of spinning heads with specific geometry as well as new polymeric 
solutions for production of composite AC-electrospun nanofibrous materials useful for various medical 
applications. 
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Abstract 

Reactivity and transport properties of metal ions are important both for evaluating and understanding role of 
humic acids in natural systems and human-driven applications as solving their structural questions. This paper 
focuses on metal ions diffusion and immobilization in humic hydrogels. Humic acids were purchased from 
International Humic Substances Society (isolated from different matrices - peat, soil, leonardite, water) and 
extracted from lignite mined in Czech Republic. Copper(II) ions were chosen as a model example of reactive 
metal for the diffusion experiments. Previous works showed that transport of metal ions in humic gels were 
strongly influenced by reactivity of humic acids. Therefore samples isolated from different sources resulted in 
changes in the content of acidic functional groups and different diffusivity metal ions in prepared hydrogels. 
The diffusion coefficients of copper(II) ions, determined in this work, showed the significant dependence on 
reaction ability of humic hydrogels. Lower amounts of the acidic functional groups caused the increase of the 
effective diffusion coefficient. In general, diffusion experiments seem to provide valuable method for reactivity 
mapping studies on humic substances. 

Keywords: Humic acids, diffusion, reactivity, immobilization, copper 

1. INTRODUCTION 

Humic acids are recognized as a component of natural organic matter that plays a key role in such issues as 
global warming, carbon cycle in the nature or self-detoxification of soils and sediments. The ability of soils and 
sediments to reduce the mobility of chemical pollutants or even to immobilize them represents their important 
natural feature. They affect biological uptake and bioaccumulation of toxic chemicals in plants as well as the 
pollution of the underground water supplies [1]-[5]. In natural systems, humic acids can bind contaminating 
metal ions and in this way they influence the effectiveness of the regeneration and purification processes in 
these systems. The reactivity and transport properties of metal ions in humic systems are important for 
understanding the role of humic substances in both natural systems and human-driven applications [6]-[9]. 

Our previous works [9]-[11] has demonstrated the effectiveness of the simple “tubing” method in diffusion 
studies. It was shown that transport of metal ions in humic gels is strongly influenced by reactivity of humic 
acids, therefore changes in the content of functional groups result in changes of diffusivity [5]. Heavy metals 
naturally exist in different chemical forms and can be bound to various matrices with different bond strength.  
Determination of different metal binding modes can give us the information on their mobility, (bio) availability 
or toxicity. This can be essential for description of their effects on nature, especially on the living organisms. 
Diversity in metal-binding ability of a natural system can be assigned to its complex nature. Different natural 
constituents have a different ability to reduce mobility or even to immobilize metal ions.  

In this work, the method was further developed to the level of the diffusion instantaneous planar source method 
[3], [5], [8]. Copper is a traditional model ion that is used to study metal-humic interactions because of its strong 
affinity for humic acid binding sites [1]-[3], [12]. 
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2. MATERIALS AND METHODS 

Six different humic acids were used in this work. One sample of humic acids was extracted from lignite mined 
in the Czech Republic (Mikulčice in South Moravia) and the other samples of humic acids were purchased 
from International Humic Substances Society (IHSS).  

Lignitic humic acids (in this work designated as LGHA) isolated by means of the same procedure was used in 
our previous research [2], [3], [6], [7] (for more details of chemical structure and the isolation procedure see 
previous works [[2], [3], [6], [7] and [13]).  

Humic samples purchased from IHSS were: Nordic Lake Humic Acids 1R105H (NLHA), Elliot Soil Humic Acids 
1S102H (ESHA), Suwannee River Humic Acids 2S101H (SRHA), Pahokee Peat Humic Acids 1S103H and 
Leonardite Humic Acids1S104H (LEHA). Humic acids were purchased from International Humic Substances 
Society (isolated from different matrices - peat, soil, leonardite, water) and extracted from lignite mined in 
Czech Republic (LGHA). 

All hydrogels, utilized in diffusion experiments, were prepared via the method of thermoreversible gelation of 
aqueous solution of agarose described in previous work [14]. Agarose hydrogels gelatinized from the solution 
of agarose in water or aqueous solutions of humic acids. Dry agarose content in gel was 1 wt. %, dry content 
of humic acids was 0.01 wt. %. 

Cu(II) ions were chosen as an example of reactive metal for the diffusion experiments. The environment for 
the diffusion experiment was prepared from the hydrogel form of humic acids. The hydrogels (prepared by the 
process described above) were pressed gently in glass tubes and used for diffusion experiments (method of 
instantaneous planar source). After the diffusions the hydrogel from the tubes was sliced and Cu(II) ions were 
extracted separately from the slices of hydrogels by the 1 M HCl. The concentration of copper(II) ions in 
extractants was determined by means of ultraviolet/visible spectrometry [6], [7]. 

3. RESULTS AND DISCUSSION 

Mathematical apparatus utilized in description of any nonstationary diffusion process comes from an 
appropriate analytical solution of general Fick’s equation, which characterize time-spatial distribution of the 
diffusing matter. For the simplest case of one-dimensional diffusion, the Fick’s equation can be written in 
following form: 

 (1) 

where c represents the concentration of the diffusing compound in the time t and the position x (the coordinate 
parallel to the direction of diffusion movement). Diffusion coefficient D is the main parameter characterizing 
rate of the diffusion process. While solving this partial differential equation, appropriate initial and boundary 
conditions must be applied according to the particular experimental settings [7], [9], [15], [16]. 

In Eq. (1), strictly one-dimensional diffusion in an “inert” medium is considered (“inert” means that the medium 
does not chemically interact with the diffusing particles). When studying diffusion in such complex media as 
reactive hydrogels (such as in this work), where the movement of the diffusing particles gets tortuous because 
of the porous character of the gel and some interactions between the diffusing matter and the gel network can 
be assumed, mathematical apparatus becomes much more complicated. Theoretically, all the reaction rate 
components must be added to the right side of Eq. (1) and an analytical solution of the equation becomes 
hardly accessible. Nevertheless, a simplification is often applied: it presumes that all the mentioned interactions 
between diffusing compound and the surrounding medium do not destroy the fickian character of the diffusion 
process, but the value of diffusion coefficient is altered. Mathematically, this presumption is expressed by the 
modified form of Eq. (1): 

2
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x
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 (2) 

where Deff is the so called “effective diffusion coefficient” in which two main effects (tortuous movement of the 
diffusing matter, chemical interactions in the system) are involved. For experimental settings presented in this 
paper, mathematical concept of unsteady diffusion from instantaneous planar source of the diffusing matter 
can be adopted. This concept represents a solution of the Fick’s equation for the case of diffusion from initial 
concentration pulse of infinitesimally small width. For this presumption and for the zero initial concentration of 
diffusing matter in surrounding media, following mathematical solution can be found: 

 (3) 

where n stands for the total mass of diffusing compound applied in the form of a narrow pulse and S is the 
cross-section area available for the transport of the compound. For calculation of effective diffusivity directly 
from the experimental concentration profiles (concentrations of the diffusing compound at different positions), 
the linearization of Eq. (3) is usually applied in the form 

 
(4) 

The effective diffusion coefficient Deff can then be determined from the slope of linear regression using Eq. (4) 
[3], [7], [9], [15], [16]. 

 

Figure 1 Values of effective diffusion coefficient and apparent equilibrium constant characterizing transport 
processes in hydrogels containing different humic acids 

Figure 1 shows values of effective diffusion coefficient using Eq. (4). As we can see, all hydrogels containing 
humic acids had lower diffusivity in comparison with the pure agarose hydrogel. The decrease was caused by 
the high affinity of copper to humic acids and its partial immobilization in hydrogel structure. It is well known, 
that metal ions are bound in humic acids mainly via acidic functional groups [4]-[8]. Previous works showed 
that transport of metal ions in humic gels is strongly influenced by reactivity of humic acids, therefore changes 
in the content of acidic functional groups result in changes of diffusivity [7], [8]. The inverse proportionality 
between the effective diffusion coefficients and the content of acidic functional groups was obtained in  
Figure 2. The increase of the content of acidic functional groups was connected with the decrease of the 
mobility of copper in hydrogels. 
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Figure 2 The dependence of effective diffusion coefficient on the content of acidic groups in humic acids 

As mentioned above, the tortuous movement of the diffusing matter and chemical interactions in the system 
are involved in the value of Deff, which can be expressed as:  

 (5) 

where D is the diffusion coefficient for free mobile copper(II) ions in water. The parameter φ is the ratio of the 
effective diffusive cross section, which is available for transport, to the bulk cross section. The available cross 
section is smaller than in case of a homogenous material because the diffusion takes place only through the 
fluid-filled pores and voids of humic hydrogels. Because the pores are not straight, the diffusion effectively 
takes place over a longer distance than it would in a homogenous material. The tortuosity  is a value 
characterizing the longer distance traversed in the pores. The parameter μ represents the influences of the 
structure of humic hydrogel and its local geometry in the diffusion [7], [9]. D can be substituted by diffusivity in 
an aqueous solution, because of the high water content in the hydrogel. Its value for copper(II) ions is 1.4310-

9 m2/s [17]. If we compare this value with the value of Deff obtained for pure agarose hydrogel (3.7110-10 m2/s), 
we can to determine the parameter  as 0.26 in this case.  

Symbol K in Eq. (5) represents the influence of interactions of humic acids with copper(II) ions. It is the ratio 
between immobilized and free Cu(II) ions in humic hydrogel and it can be considered as an equilibrium constant 
of local interactions between humic acids and copper (II) ions in hydrogel [1], [10], [11], [15]. If we use the 
value of structural parameter m obtained for pure agarose hydrogel and assume a negligible influence of low 
content of humic acids in hydrogels (0.01 wt.%), we can calculate the apparent equilibrium constant K by 
means of Eq. (5). Its values are shown in Figure 1. We can see that the highest values were determined for 
river humic acids SRHA and lake humic acids NLHA. These aqueous humic acids had also the highest 
contents of acidic functional groups able to immobilize metal ions in their structure. The lowest values were 
determined for coal humic acids (LGHA and LEHA) with the lowest content of acidic functional groups.  
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Figure 3 The content of free mobile fraction and immobilized fractions of copper(II) ions in hydrogels 

containing different humic acids 

Percentage portions of free mobile and immobilized fractions of copper(II) ions in humic hydrogels are 
compared in Figure 3. We can see that free mobile copper(II) ions predominated in hydrogels containing the 
most aromatic coal humic acids (LEHA and LGHA) with the lowest content of acidic functional groups. In 
contrast, aquatic humic acids (SRHA and NLHA) can immobilize higher portion of metal ions.  

4. CONCLUSION 

Structural complexity of humic acids was manifested in kinetic behavior of their interactions with copper(II) 
ions, knowledge of which is important for various applications of these materials. In general, diffusion 
experiments seem to provide valuable method for reactivity mapping studies on humic substances. Obtained 
parameters such as effective diffusion coefficients and apparent equilibrium constants can be used in order to 
discuss the quality of humic acids from different origin and with different structures and contents of reactive 
functional groups. To summarize, the comparison of the results of diffusion experiments clearly showed that 
the transport of metal ions in hydrogels was strongly affected by structure and properties of humic acids. 
Although the content of humic acids in hydrogel was very low, effective diffusion coefficients as well as 
apparent equilibrium constants differed significantly as a result of the content and bond strength of acidic 
functional groups. Structure of humic acids, their aromaticity and content of other functional groups played also 
relatively important role.  
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Abstract  

Chlorinated ethenes (CEs) are the second most common contaminant worldwide. Remediation procedures 
combining treatment with nanoscale zero-valent iron (nZVI) and anaerobic microbial degradation supported 
by electric current belongs to one of the most successful approaches. Here we describe an effect of electric 
current on indigenous microbial degraders of CE during a field study. Groundwater samples were taken from 
anode well, four cathode wells and three control wells and isolated DNA was analyzed using real-time PCR. 
Total bacterial biomass was quantified using 16S rDNA gene. Markers of organohalide respiration included 
Dehalococcoides sp., Desulfitobacterium spp. and vinyl chloride (VC) reductases vcrA and bvcA. Denitrifying 
bacteria were determined by nirK marker and sulfate reducing bacteria by apsA2. Representative samples 
were analyzed using NGS method targeted to the V4 region of 16S rDNA gene. qPCR analysis of the anode 
well reveal significant decrease in all tested markers connected to eminent decrease in pH to strongly acidic 
values. Cathode wells maintained high level of bacterial growth even if there were slight changes in pH. 
Composition of bacterial communities in the anode and cathode wells strongly differed and changed over time. 
In the control wells, a long-term stability in composition of bacterial community was observed. To conclude, 
electric current caused decrease in organohalide bacteria and other markers in the anode well, all other wells 
showed ongoing organohalide respiration important for CEs degradation. 

Keywords: Electric current, NGS, nZVI, organohalide respiration, qPCR 

1. INTRODUCTION  

Chlorinated ethenes (CEs) are widely used chemical substance for many industrial applications [1], thus CEs 
belong to the most common detected organic contaminants in groundwater. Their microbial degradation takes 
place mostly through anaerobic organohalide respiration [2]. For chlorinated solvents, indicators of 
biodegradation include: depletion of electron acceptors and donors; increasing metabolic byproduct 
concentrations; decreasing parent compound tetra- (PCE) and trichloroethene (TCE) concentrations and 
increasing daughter product cis-dichloroethene (cis-DCE) and vinyl chloride (VC) concentrations [3]. 
Dehalococcoides sp. and Desulfitobacterium spp. belongs to the most common PCE and TCE degraders. VC 
is degraded by bvcA and vcrA reductases [4].  

Application of electric current is one of the most promising approaches within microbial remediation processes 
[5]. Delivering remediation reagents into heterogeneous deposits is improved by electrokinetic injection. It is 
an alternative method to enhance ion migration and electroosmosis in soil and groundwater [6]. 

Abiotic CEs degradation e.g. using nanoscale zero valent iron (nZVI) is faster compared to biodegradation. 
The main advantage of nZVI is in its high reactivity and its great usability if the CEs concentration is too high 
and inhibitory for microorganisms. Combination of nZVI and electric current might thus improve biodegradation 
potential of indigenous microorganism. 
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The main aim of this study was to describe direct effect of electric current on organohalide-respiring bacteria 
and VC reductases on CE-contaminated locality. 

2. EXPERIMENTAL 

2.1. Sampling site and arrangement of electrodes 

The nZVI pilot application on a CE-contaminated locality in the north of Bohemia started in 2009. At the end 
of 2010 a pilot test of nZVI application together with electric field on two test polygons was taken. This electric 
system was expanded to 9 polygons at the end of 2013. On these polygons a full-service pilot application 
combining nZVI and electric current (DC) was applied until 2014. Moreover from the end of 2013 one polygon 
test area has been focused on an electric field influence on an indigenous microbial community. An area of 
30 m2 has 14 narrow-profile wells and 1 well with 120 mm in diameter. 

Five electrodes (1 anode, 4 cathodes) were placed on a polygon. These electrodes were applying DC into the 
rock environment (24V until December 2015, then 48V until September 2016 when the source has been 
disconnected). The electrodes were designed to form a cross arrangement whereas the anode IS-10 was 
installed in the center (steel rod with the 20 mm in diameter). The cathodes were made by steel lining to edges 
of the cross (I2, I4, I5 and I7). 

2.2. Physico-chemical methods 

Groundwater samples from the locality were taken in 8 sampling rounds (2015 - 2017) from all 15 wells in the 
static mode by manual peristaltic pump (PluNoTech s.r.o.) through a Teflon tube from horizon under the 
ground. The physico-chemical parameters (conductivity, pH and oxidation reduction potential) were measured 
immediately by WTW 3430 Multimeter (WTW, Germany) equipped with SenTix pH electrodes (TMultiLine® 
Multi 3430 IDS). Sterile groundwater samples were also taken for further analyses: complete chemical 
analysis, CE concentration (GC/MS method) and molecular genetic analysis.  

2.3. Molecular-genetic methods 

All groundwater samples earmarked for the molecular genetic analysis were immediately cooled and stored at 
4°C until following steps. Groundwater samples (0.13 - 0.54 L) were filtrated through a 0.22 µm membrane 
filters (Merck Millipore, Germany). DNA from the filters was extracted using a FastDNA Spin Kit for Soil (MP 
Biomedicals, CA, USA) according to manufacture’s protocol. Extracted DNA was quantified using a Qubit 2.0 
fluorometer (Life Technologies, MA, USA). 

Quantitative polymerase chain reactions (qPCR) were focused on the relative abundance of Dehalococcoides 
spp., Desulfitobacterium sp., as well as the relative abundance of the VC reductase genes bvcA and vcrA. In 
addition, we also performed analyses of the presence of sulfate-reducing bacteria by detecting levels of genes 
for the adenosine-5’-phosphosulphate reductase apsA2 and denitrifying bacteria by detecting nitrite reductase 
enzymes nirK. Relative abundance of 16S rRNA gene (the total bacteria marker) was determined as a control 
marker. All tested markers were analyzed similarly as described in Dolinová et al. [2]. 

For the next-generation sequencing (NGS) we have chosen representative samples which characterize 
microbial changes on the locality. NGS analysis was targeted at the 16S rRNA gene. Amplification of the region 
V4 of eubacterial 16S rRNA gene was performed with barcode primers 515F (5´-TGCCAGCMGCNGCGG-3´) 
[7] and 802R (5´-TACNVGGGTATCTAATCC-3´) [8]. Subsequently, an in-house prepared mock community 
was sequenced to verify the experimental conditions.  

The 16S rDNA sequences were processed using Mothur, including quality filtering and chimera check using 
chimera UCHIME. UCHIME improves sensitivity and speed of chimera detection [9]. The sequences were 
aligned against SILVA database (version 128). Mitochondrial and chloroplast sequences were removed prior 
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to OTU construction. Alignments were constructed using Needleman-Wunsch pairwise alignment method 
implemented as align seqs command in Mothur. Cut-off value of 97% was used for clustering of sequences 
into operational taxonomic units (OTUs). The number of sequences in each library was adjusted to 5 038 by 
random subsampling. For further results analysis was used the Vegan package in the R statistical package. 
Phyla/families with greater than 5% abundance were visualized as heat maps and the remaining visualized in 
graphs as others and unclassified [10]. 

3. RESULTS AND DISCUSSION 

3.1. Physico-chemical analysis 

pH values of the anode well fluctuated slightly over pH 7 (Figure 1a) in the beginning and decreased to strongly 
acidic conditions at the end of DC application (Figure 1b). When the DC influence disappeared, the pH 
changed back to normal. pH values of cathode wells were stabilized all the time in alkaline scale and monitoring 
wells showed stabilized neutral pH. 

 
Figure 1 pH development at CE-contaminated area - a. pH at the beginning of DC application; b. situation at 

the end of DC application. Positions of the wells with anode (red - IS10), cathodes (blue - I2, I4, I5 and I7) 
and monitoring wells (black). Yellow arrow - direction of groundwater flow. Scale bar - m. 

Initial conductivity in anode well (app. 470 µS∙cm-1) decreased after the DC application (117 µS∙cm-1). 
Cathodes I2 and I7 showed the same fluctuating trend as I4 and I5, but with higher conductivity values (I2 and 
I7 in range 791 - 2 050 µS∙cm-1, I4 and I5 in range 225 - 778 µS∙cm-1). The anode well changed from reductive 
conditions (-110 mV) to oxidative (400 mV) after the DC application and back to reductive when DC was turned 
off. Biggest influence on total CEs concentration after the DC application was observed in anode well (from 27 
709 µg∙L-1 to 8 791 µg∙L-1 at the end).  

3.2. Effect of electric current on organohalide-respiring bacteria in groundwater 

Lowest levels of total bacterial biomass were observed in the anode groundwater (Figure 2). Low relative 
abundance of bvcA, vcrA, Dehalococcoides mccartyi and Desulfitobacterium spp. was also detected. Only two 
samples from 17th August 2015 and 8th March 2017 showed higher amount of bacteria, whereas the second 
date was after switch off the DC application and pH recovery from strong acidic to almost neutral values.  

a. b. 
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Figure 2 Relative quantification of total bacterial biomass (U16SRT), bvcA and vcrA genes and organohalide 
respiring bacteria Dehalococcoides mccartyi and Desulfitobacterium spp. of anode well IS10. Red arrow - 

DC source disconnection 

Total bacterial biomass in all cathode wells reached highest levels and behaved similar to each other after one 
year of DC application (Figure 3). bvcA and vcrA genes together with Dehalococcoides mccartyi and 
Desulfitobacterium spp. were almost always detected as it is usual at other CE-contaminated localities [10]. 
The termination of DC application caused strong decrease in all markers on 15th September 2016 and more 
than five months later these increased again.  

 

Figure 3 Relative quantification of total bacteria biomass (U16SRT), bvcA and vcrA genes and organohalide 
respiring bacteria Dehalococcoides mccartyi and Desulfitobacterium spp. of anode well I4. Red arrow - 

switch off DC source 

All monitoring wells demonstrated the most stabilized conditions in all tested markers. Total biomass showed 
high level of bacterial abundance. Organohalide respiring bacteria and also genes bvcA and vcrA were almost 
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always detected. Gene bvcA was rather scarce and in the I23 well it even disappeared for more than 18 months 
(from 9. 2. 2015 up to 15. 9. 2016). Generally in that period all tested markers were slightly reduced.  

3.3. Next-generation sequencing (NGS) 

NGS was used to characterize bacterial communities in groundwater of the anode (IS10), one cathode (I4) 
and one monitoring well (I23) before (15. 4. 2015), during (15. 9. 2016) and after termination of the DC 
application (8. 3. 2017). 

 
Figure 4 Analysis at family level showing composition of bacterial communities. Dark blue - low abundance, 

yellow - high abundance 

Bacterial composition of the anode well IS10 significantly changed over time (Figures 4, 5a). There we have 
found the lowest diversity and different composition of bacterial community not typical for contaminated locality. 
After remediation, there were 50% of new OTUs. The Helicobacteraceae family was the most abundant in the 
first sampling round. The end of electric current application and subsequent pH recovery into neutral values 
caused proliferation of Campylobacteraceae, Gallionellaceae and Parcubacteria families contrary to 
disappearance of Helicobacteraceae (Figure 4). This can be explained by the fact that Helicobacteraceae can 
survive low pH conditions [10]. 

       

Figure 5 Venn diagrams of bacterial community (OTUs) in different wells - a. anode, b. cathode,  
c. monitoring well 

c. b. a. 
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First sampling in the cathode I4 showed clustering similar to the monitoring well (Figures 4, 5b). We have 
found decreasing Comamonadaceae and increasing abundance of Gallionellaceae, Desulfobulbaceae and 
Hydrogenophylaceae. Although Comamonadaceae were previously recorded in CE contaminated 
environments, Gallionellaceae are related to presence of higher iron concentrations, probably generated by 
the nZVI application in the past.  

Monitoring well showed long-term stability in the bacterial composition with the highest diversity 
(Figures 4, 5c). 

4. CONCLUSIONS 

CE-contaminated area was first treated with nZVI and subsequently by electric current to enhance clean-up 
processes including microbial biodegradation. Crucial players in CE biodegradation, organohalide-respiring 
bacteria were monitored together with VC-reductases. In the cathode wells, ongoing organohalide respiration 
with all important markers (bvcA, vcrA, Dehalococcoides mccartyi, Desulfitobacterium spp.) was clearly 
proven. The electric current caused decrease in pH in the anode well triggering undesired decline of all 
organohalide respiration markers. When the electric current application was stopped, sulfate-reducing (apsA2 
marker) and denitrifying (nirK marker) bacteria were observed in larger abundances in the anode well. 
Generally recovery of all tested markers was detected few months after the electric current disappeared in the 
anode well. Significant changes were also displayed by NGS analysis where the bacterial composition of the 
anode IS10 and cathode well I4 dynamically changed during whole monitoring period and was also dissimilar 
to the control monitoring well I23. 

Bacterial abundance and composition in the cathode and monitoring wells was similar to the typical 
composition described on a contaminated locality [4, 10]. However the anode well displayed low heterogeneity 
with prevalent taxons not present in other wells most probably connected to extreme conditions (low pH, 
Helicobacteraceae). After the DC influence disappeared and the conditions returned back to pre-treatment 
values the bacterial composition changed again to the taxons commonly detected (e.g. Campylobacteraceae) 
on CE-contaminated sites. 
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Abstract 

The main goal of this work is to develop an effective method for biomass sampling to monitor the microbial 
diversity at contaminated sites.  

Within this work, various nanofiber carriers suitable for sampling of biomass and simultaneously for use in 
molecular-genetic analysis were developed. Two different shapes of a carrier with three different nanofiber 
densities (including carrier without nanofibers) were prepared and submerged into wells with different 
contamination (chlorinated aliphatic hydrocarbons and BTEX). Carriers were sampled in one-month interval 
for one year. To compare the biomass growth on carriers, groundwater samples were also taken.  

DNA from samples was isolated by FastDNA SPIN Kit for Soil and measured on Qubit 2.0 fluorometer. 
Extracted DNA was used as a template for real-time PCR amplification. 16S rDNA gene was used as a total 
bacterial community marker. Specific genes as vcrA and catechol-2,3-dioxygenase were measured to detect 
ongoing reductive dechlorination, BTEX degradation respectively.  

Long-term tests of carriers revealed their suitability for biomass sampling as real-time PCR values measured 
on carriers oscillated closed to the groundwater samples. The small variance in detected values indicated long-
term stability of biofilm present on carriers. Moreover, use of carriers is not time-consuming, very easy to use 
and no sample preparation is required prior to DNA extraction. The developed nanofiber carriers can be, 
therefore, effectively used for biomass sampling.  

Keywords: Biomass carriers, monitoring, nanofibers, real-time qPCR, sampling 

1. INTRODUCTION 

Soil and groundwater pollution is a serious environmental problem. To solve this issue, natural microbial 
processes can be used and supported towards contaminant biodegradation. Characterisation, including proper 
sampling, of the present microbial community is, therefore, a crucial factor in understanding and controlling 
remediation processes. It is clear, that sampling must not impact the situation at a site and should be technically 
and economically feasible at the same time. To characterise microbial community at a contaminated site, soil 
or water samples can be withdrawn. 

Although soil samples typically provide good results, their sampling is limited by a low reproducibility and time 
and financial demand. Hence, groundwater samples are currently used for the molecular-genetic analysis. A 
disadvantage of water samples is usually low biomass concentration requiring the filtration of large volume of 
sample through a membrane filter. It is, however, time-consuming and strongly depending on the sample 
properties [1].  

Above mentioned problems can be avoided by sampling of biomass in form of biofilm which is formed on 
suitable carriers. Such carriers have to be made of materials with good colonization of microbial cells, high 
biocompatibility, chemical and physical stability and convenient morphology. For the molecular-genetic 
analysis, it is crucial that the carrier material does not interfere with DNA extraction. As nanofiber carriers meet 
the above-mentioned conditions, they were used for carrier’s preparation. Nanofibers have a high specific 
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surface, an interconnection structure and surface roughness on the nano and micro scale. Surface with these 
properties made of the hydrophobic material is preferentially colonized by bacterial cells [2]. 

2. MATERIALS AND METHODS 

2.1. Nanofiber carriers 

Polyurethane nanofibers (Larithane 1083) were prepared by the needleless electrospinning from a free liquid 
surface using a high voltage source. Polyurethane was chosen because it proved great microbial colonization 
in previous experiments. The nanofibers were deposited on polyester silk support thread (SLOTERA, 
167f36x1x1) with surface densities 3 dtex (0.34 g·m-2) and 10 dtex (1.12 g·m-2). Such prepared thread was 
arranged into two different shapes, planar (Figure 1a) and circular (Figure 1b). As reference carriers thread 
without nanofibers were prepared. 

      
Figure 1 - Tested nanofiber carriers: a) planar arrangement, b) circular arrangement 

2.2. Site description 

The nanofiber carriers were fixed in sampling tubes (Figure 2a) and submerged into contaminated wells. Wells 
V1 and V2 were contaminated mainly by chlorinated ethenes and well V3 by BTEX as a result of previous 
industrial production. Wells V1 and V2 were on the same groundwater flow with direction from V2 to V1. From 
each well six carriers, 3 planar (nanofiber density 0, 3 and 10 dtex) and 3 circular (nanofiber density 
0, 3 and 10 dtex) arrangements, were monthly sampled for molecular-genetic analysis (Figure 2b). The 
groundwater sample was also taken to compare with carriers. The monitoring period lasted for one-year. 

 

Figure 2 - a) Sampling tubes with nanofiber carriers; b) scheme of monitoring procedure 

a) b) 

a) b) 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

399 

2.3. Molecular-genetic analysis 

DNA was isolated by FastDNA SPIN Kit for Soil. Extracted DNA was used as a template for real-time 
quantitative polymerase chain reaction (qPCR) using SYBR Green I Master (Roche). The qPCR analysis was 
used to detect the total bacterial biomass and the presence of key enzymes and microbial consortia involved 
in the biodegradation of present contaminants. All primers used are displayed in Table 1.  

Table 1 - Primers used in the study  

Primer Gene Sequence (3‘ → 5‘) Amplicon length 
(bp) Reference 

U16SRT 16S rDNA 
F: ACTCCTACGGGAGGCAGCAGT 

180 [3] 
R: TATTACCGCGGCTGCTGGC 

vcrA vinyl chloride reductase 
F: CCCTCCAGATGCTCCCTTTA 

139 [4] 
R: ATCCCCTCTCCCGTGTAACC 

DHC-RT Dehalococcoides 
mccartyi 

F: GGGAGTATCGACCCTCTCTG 
191 [5] 

R: CGTTYCCCTTTCRGTTCACT 

DEF/G catechol-2,3-
dioxygenase 

F: CGACCTGATC(AT)(CG)CATGACCGA 
239 [6] 

R: T(CT)AGGTCA(GT)(AC)ACGGTCA 

bssA benzylsuccinate 
synthase 

F: GACATGACCGACGCSATYCT 
R: TCGTCGTCRTTGCCCCAYTT 794 [7] 

16S rDNA gene was used as a total bacterial community marker. Specific genes were used for detection of 
ongoing reductive dechlorination (vcrA, DHC-RT) or BTEX degradation (bssA, DEF/G). The gene encoding 
vinyl chloride reductase was detected by primer vcrA. Primer DHC-RT was used to quantify 16S rDNA gene 
of Dehalococcoides mccartyi which is capable of complete reductive dechlorination of PCE to ethene [4]. 
Primer bssA was used for quantification of gene encoding benzylsuccinate synthase involved in anaerobic 
toluene degradation [7]. The catechol-2,3-dioxygenase gene was quantified using primer DEF/G as it is 
responsible for aerobic degradation of aromatic hydrocarbons by cleaving the aromatic ring [6]. 

2.4. SEM analysis 

The long-term stability of nanofibers on support thread was evaluated by scanning electron microscope (SEM) 
Carl Zeiss ULTRA Plus. Carriers from last sampling run, i.e. carriers after 12-month exposition of real condition 
at the contaminated site, were subjected to this analysis.  

3. RESULTS AND DISCUSSION 

3.1. Effect of carrier characteristics 

The analysis of the samples from well V1 showed higher biomass growth on carriers with nanofibers than on 
carriers without nanofibers at the 1st sampling (Figure 3). This confirms the assumption that nanofibers support 
bacterial surface colonization. A sharp decline in Ct values1 detected between the 3rd and 4th sampling was 
probably caused by presence of substances inhibiting DNA isolation. These inhibitors apparently adhered to 
the carrier surface after the first sampling and released after the 3rd sampling. After this decline, the Ct values 
detected on carriers stabilised and reached similar levels as the Ct values obtained in groundwater samples. 
Moreover, stable biofilm on nanofibers carriers was observed over monitoring period. 
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Figure 3 - Evolution of mean Ct values of primer U16SRT (total bacterial community) in the well V1 

1 Note: Higher Ct values mean lower amount of amplified product, thus target DNA, analysed and vice versa. 

No sharp decline in Ct values was observed in the well V2 which was upstream from V1 (Figure 4). In this 
well, the stable biofilm was observed on carriers with nanofibers during a few samplings unlike carriers without 
nanofibers. Circular arrangement of carriers with nanofiber surface density 3 dtex showed most stable 
development of Ct values of all carriers tested. 

    
Figure 4 - Evolution of mean Ct values of primer U16SRT (total bacterial community) in the well V2 

   
Figure 5 - Evolution of mean Ct values of primer U16SRT (total bacterial community) in the well V3 
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In the well V3, which was contaminated by BTEX, the biofilm stability was observed on the circular arrangement 
of carriers with nanofibers. The Ct values of other carriers oscillated within 5 cycles of groundwater Ct values. 
Evolution of bacterial biomass on circular carriers (10 dtex) was comparable with groundwater. 

3.2. Long-term monitoring 

  

 
Figure 6 - Heat-maps of Ct values detected in: A. well V1 (a1 - primer U16SRT; b1 - primer DHC-RT; c1 - 

primer vcrA); B. well V2 (a2 - primer U16SRT; b2 - primer DHC-RT; c2 - primer vcrA); C. well V3 (a3 - primer 
U16SRT; b3 - primer bssA; c3 - primer DEF/G)  

The qPCR results of 12-month monitoring are interpreted through heat-maps. The Ct values of the primer 
were, therefore, divided into five intervals, each indicated by appropriate colour. In the Ct values of specific 
primers DHC-RT and vcrA in the well V1 (Figure 6b1, c1), the same sharp decline as in total bacterial biomass 
(Figure 6a1) was observed. Small variances of Ct values of specific primers (DHC-RT, vcrA) indicate stable 
biofilm containing specific bacterial population responsible for reductive dechlorination. Figure 6a1 shows high 
and stable level of total bacterial biomass in the well V2. In this well, the Ct values of primer DHC-RT, which 
was used for detection of the bacterial strain Dehalococcoides mccartyi, were high since the 1st sampling 
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(Figure 6b2). While Ct values of vcrA, used for detection of gene of vinyl chloride reductase, were highest 
after 3rd sampling (Figure 6c2). This evolution of specific primers of Ct values indicated ongoing reductive 
dechlorination of the present chlorinated ethenes. In the well V3, high amount of total bacterial biomass was 
observed throughout the monitoring (Figure 6a3). The presence of specific genes of aerobic (catechol-2,3-
dioxygenase, primer DEF/G) and anaerobic (benzyl succinate synthase, primer bssA) biodegradation of BTEX 
was confirmed by analysis of specific bacterial population (Figure 6b3, c3).  

3.3. Stability of nanofibers 

After 12-month exposure to actual conditions at the contaminated site, no significant damage of nanofiber layer 
was observed though SEM, thereby confirming the stability of nanofiber layer (Figure 7). 

 

Figure 7 - SEM micrographs of thread with nanofibers 10 dtex: before the experiment (a - 100×, A - 1 000×), 
from well V2 (b - 100×; B - 1 000×) and from well V3 (c - 100×; C - 2 500×) 

4. CONCLUSION 

This work showed that nanofiber layer supported microbial attachment and biofilm stability on carriers. The 
best results were obtained for circular carriers 3 dtex. Specific bacterial population detected on carriers 
indicated ongoing bioremediation processes, i.e. reductive dechlorination and aerobic and anaerobic BTEX 
biodegradation. Although any significant differences between carrier shapes in microbial growth were not 
observed, circular carriers need no pre-treatment prior to DNA extraction in contrast to the planar arrangement. 
Long-term stability of nanofiber layer on support thread was also confirmed. Developed nanofiber carriers are 
also very easy to use, therefore, this is a promising tool for effective monitoring of contaminated sites. 
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Abstract 

The environmental impact of the use of engineered nanoparticles (NPs) is undeniable based on many studies. 
Considering that NPs end up in wastewater treatment systems, the potential impact of selected NPs (TiO2, 
SiO2 or ZrO2) on the activated sludge, especially on Microthrix parvicella or Nocardia bacteria cells, was 
investigated using laboratory-scale batch reactors through short-term, 7-day exposure to 100, 200, 300 mg/L 
of NPs. Changes in the oxygen uptake rate (through respirometric measurements), viability of cell 
(fluorescence microscopy using a live/dead analysis), morphology of flocks or filaments (based on Gram 
staining and image analysis) and fluorescence in situ hybridization (FISH) of the activated sludge compared 
with the controls were investigated. The shock loads of NPs caused no lethal effects on activated sludge. The 
presence of NPs in the activated sludge (depending on the concentration) supported the presence of Nocardia 
cells in the case of TiO2 (oxygen consumption was maintained); however, SiO2 and ZrO2 NPs caused a 
restriction in the activity of the sludge (oxygen consumption and Microthrix parvicella cell presence); viability 
was not significantly affected for any of the NPs or concentrations.  

Keywords: Nanoparticle toxicity, activated sludge, microbial respiration, Microthrix parvicella, Nocardia 

1. INTRODUCTION 

The use of products containing nanoparticles (NPs) is significantly growing (antiperspirants, body washes, 
clothing cleaners, cosmetics, and others). The possible danger of releasing these NPs into the surroundings 
must be explored to recognize their harmful ecological hazard [1]. The first contact of NPs with microorganisms 
takes place in wastewater treatment plants [2]. Wastewater treatment plants (WWTPs) gather NPs from the 
inflow (production of domestic or industrial waste) [3]; and microorganisms in activated sludge are real sample 
cells not only model cells. 

The risk of NPs is mainly due to their size, shape and reactivity [4]. A significant quantity of NPs can be reduced 
via aggregation [5], settling or biosorption [1]. Different forms of bacteria strains (in activated sludge) have 
differing responses to the NPs [6]. Floc-forming bacteria are more tolerant to NPs (e.g. Ag, TiO2, SiO2) than 
suspended bacteria in sludge, because of the extracellular polymeric substances (EPS) which have a 
protective function [7]. The presence of NPs in activated sludge influences the performance of the WWTPs as 
they cause changes in membrane permeability, they enter the bacterial cells and cause cellular enzyme 
deactivation, membrane permeability disruption, and accumulation of intracellular radicals, finally resulting in 
microbial growth inhibition, cell lysis and death [8].  

SiO2 NPs are employed in different areas as biomedical applications, in food packaging, and abrasives [9]. 
TiO2 NPs have industrial and medical applications, i.e. solar cell technologies, self-cleaning surfaces of 
facades, paints, sunscreens, food additives and in environmental remediation [10]. ZrO2 NPs show 
photocatalytic activity [11]. The concentration of NPs in wastewater is increasing because the use of these 
NPs is still growing. 
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In our experiment we used a mixed culture of microorganisms of activated sludge from a real wastewater 
treatment plant in the Czech Republic. The aim of these experiments was to examine the effects of selected 
NPs (TiO2, SiO2 and ZrO2) on sewage microorganisms; especially focused on Microthrix parvicella and 
Nocardia species. Our results provide basic data on the influence of NPs on the wastewater sludge based on 
respirometric assessment, morphology of flocs through image analysis, viability of cells and fluorescence in 
situ hybridization. 

2. MATERIALS AND METHODS 

2.1. Nanoparticles (NPs) 

NPs were provided by SkySpring Nanomaterials, Inc., Houston, USA. The characteristics of the NPs are as 
follows: Titanium dioxide NPs (TiO2, anatase, 99.5 %, Product #: 7910DL), size 10 - 25 nm, white nanopowder, 
specific surface area 50 - 150 m2/g, morphology: flat texture of the surface with smooth edges; Silicon dioxide 
NPs (SiO2, 99.5 %, product #: 6807NM), size 15 - 20 nm, porous white nanopowder, specific surface area 640 
m2/g, morphology: porous and nearly spherical; Zirconium dioxide (ZrO2, 99.9 %, Product #: 8512QI), size 20 
- 30 nm, white nanopowder, specific surface area > 35 m2/g, morphology: spherical. 

2.2. Experiment set-up 

A model water medium (BSM culture medium) was prepared according to [12] (with Tween 80 and Peptone 
of 4 g/L as a carbon source and other elements as K2HPO4, (NH4)2SO4). The activated sludge (dry matter in 
concentration of 1 g/L) was obtained from a real municipal wastewater treatment plant (aeration tank) in the 
Czech Republic. 

NPs (firstly 20 minutes sonicated in distilled water as a concentrated solution of 20 g/L) were dispersed into 
the model water medium containing sludge microorganisms to the final concentrations of 0.0, 0.1, 0.2 and 
0.3 g/L. The experiment was run for 7 days; using 200 mL of working volume in 250 mL Erlenmeyer flasks, 
which were placed on a horizontal shaker to provide oxygen to the sludge and keep the NPs in suspension. A 
control sample was prepared in the same way but without the NPs. The temperature was within a range of 22 
± 2 °C. 

2.3. Respirometry 

A Micro-Oxymax respirometer (Columbus Instruments International, USA) was used according to EN ISO 
9408, using inorganic NPs instead of the tested compounds. CO2 release (produced by cells) and O2 
consumption were measured in hermetically sealed 500 mL flasks containing 200 mL of media, cultivated at 
22 ± 2 °C under aerobic conditions and shaken continuously for seven days. Respiration provides first-hand 
information regarding the toxicity of a test substance to activated sludge respiration. 

2.4. Microscopy and image analysis 

Fluorescence microscopic assessment (LIVE/DEAD as well as FISH) was performed using a ZEISS Axio 
Imager.M2 microscope fitted with an AxioCamICc1 camera with a Colibri.2 fluorescent lamp. Image analysis 
was proceeding in Matlab (The MathWorks) as a ratio of green (live) and red (dead) object (bacteria cells) for 
LIVE/DEAD; and as a ratio of green (all cells) and red (Microthrix parvicella or Nocardia cells) for the FISH 
assessment. 

2.5. LIVE/DEAD fluorescence analysis 

The LIVE/DEAD BacLightTM kit was used for evaluating cell membrane integrity.  
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2.6. Fluorescence in situ Hybridization (FISH) 

A total of 5 µl of the activated sludge sample was applied to microscope slides and dried for 10 min at 42 °C. 
Permeabilization of samples: the dried samples are overlaid with 100 μL of lysozyme at a concentration of 0.5 
mg/mL and incubated for 20 min at room temperature, then they are washed with lysozyme and the slide is 
immediately immersed in ice-cold PBS (Phosphate Buffered Saline) for 15 seconds. Dehydration: The dried 
slide is gradually immersed in 50 %, 80 % and 96 % EtOH for 3 minutes each and then allowed to dry in a 
thermostat at 43°C for 5 minutes. In-situ hybridization: Microthrix parvicella: MPA645 (5´- CCG GAC TCT AGT 
CAG AGC - 3´), MPA60 (5´- GGA TGG CCG CGT TCG ACT - 3´), MPA223 (5´- GCC GCG AGA CCC TCC 
TAG - 3´). Nocardia: Gor596 (Gordonia family, 5´- TGC AGA ATT TCA CAG ACG C - 3´), G.am205 (Gordonia 
amarae, 5´- CAT CCC TGA CCG CAA AAG C - 3´), Spin1449 (Skermania piniformis, 5´- CCG CTC CCT CCC 
ACA AAG - 3´). Subsequently, 7 μL of citifluor was added to each sample for fixation due to its long-term 
stability. 

2.7. Gram staining and microscopy 

Gram staining (generally procedure) represents gram positive and gram negative microorganisms. ZEISS Axio 
Imager.M2 microscope monitors the structure and morphology of the microorganisms in the activated sludge. 
Image analysis (sum of flocks and porosity) was proceeding in Matlab (The MathWorks). 

3. RESULTS 

The same reduction of viability was observed in all of the samples in a similarly way. NPs did not significantly 
affect the viability of the activated sludge cells regardless of the type of NPs or their concentration (of up to  
22 % in comparison to control sample), Figure 1 and Figure 2. 

     

     

Figure 1 Documentation of cell viability of activated sludge with/without NPs (no NPs, TiO2 as 0.1, 0.2, 0.3 
g/L, SiO2 as 0.1, 0.2, 0.3 g/L, ZrO2 as 0.1, 0.2, 0.3 g/L, respectively). 

 

Figure 2 Result of the viability of cells and respirometric measurements of activated sludge with/without NPs 
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The highest increase in O2 consumption (i.e. maximum respiration rate, Figure 2) was observed in the sample 
with no NPs (+200 % on day 7, compared to day 0). TiO2 NPs showed a difference of +177, +131 and  
+175 % (0.1, 0.2 and 0.3 g/L respectively, on day 7), i.e. TiO2 NPs showed no concentration effect, nor any 
significant effect compared to the control (sample with no NPs). SiO2 NPs showed a difference of -25, -44 
and -54 % (0.1, 0.2 and 0.3 g/L respectively, on day 7), i.e. SiO2 NPs showed a slight influence of concentration 
and significant effect against the control sample (more than 100 %). ZrO2 NPs showed a difference of +2, -54 
and -37 % (0.1, 0.2 and 0.3 g/L, on day 7), i.e. ZrO2 NPs showed no concentration effect, but had a significant 
effect compared to the control sample (over 100 %). Therefore, the sample with no NPs thrives on Tween 80 
and peptone very well (respiration values were high). Samples affected by TiO2 NPs have no effect on 
respiration; however, SiO2 and ZrO2 NPs affect the respiration rate significantly. 

The presence of TiO2 NPs in the activated sludge (depending on the concentration) supported the presence 
of Nocardia cells (Figure 3, 4) from 20 % to 30 %, Microthrix parvicella cells were mostly unaffected (the 
difference is within the range of 10 %). On the other hand, ZrO2 NPs caused a mild restriction of Microthrix 
parvicella (from 5 % up to 20 % depending on the concentration) and also Nocardia cells (from 6 % up to  
13 % depending on the concentration). SiO2 NPs has differing effects depending on the concentration; 0.1 g/L 
of SiO2 NPs supported Nocardia cells (40 %) as well as Microthrix parvicella cells (10 %); 0.2 g/L of SiO2 NPs 
caused a mild restriction of Microthrix parvicella (7 %) and supported Nocardia cells (15 %); 0.3 g/L of SiO2 
NPs caused a restriction of Microthrix parvicella cells (23 %) and a mild restriction of Nocardia cells (9 %). 

     

     

Figure 3 Documentation of FISH analysis of activated sludge with/without NPs (no NPs, TiO2 as 0.1, 0.2, 0.3 
g/L, SiO2 as 0.1, 0.2, 0.3 g/L, ZrO2 as 0.1, 0.2, 0.3 g/L, respectively) 

 

Figure 4 Results of the FISH analysis of activated sludge with/without NPs present 
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40 % to 54 % for SiO2 (compared to the control on day 7); flocks are less porous in the range of 38 % to 50 % 
for ZrO2 (compared to the control on day 7). 

The sum of flocks (Figure 5) for the TiO2 NPs is almost comparable to the control sample (with no NPs), in 
the range of up to 11 % (on day 7). The sum of flocks with SiO2 NPs is affected from the start of the test; the 
sum is higher for the increasing concentration of SiO2 NPs. The sum of flocks is increased by 6 %, 92 % and 
154 % (0.1, 0.2 and 0.3 g/L SiO2 vs. the control on day 7). The sum of flocks with ZrO2 NPs has been affected 
since the beginning of the test. The sum is higher than the control, however with a higher concentration is 
decreasing. The sum of flocks is higher by 88 %, 77 % and 53 % (0.1, 0.2 and 0.3 g/L ZrO2 vs. the control on 
day 7). 

The reduced respiratory activity (Figure 2) can be the result of low flock porosity (Figure 5) for SiO2 and ZrO2 
NPs. Although the sum of flocks for ZrO2 NPs is higher, it does not affect respiratory activity. None of the above 
facts affect the viability of the tested NPs i.e. the viability remains almost unchanged. 

 
Figure 5 Result of the image analysis of the flock morphology (porosity and total sum) of activated sludge 

with/without NPs present 

4. DISCUSSION 

In [9] the inhibition of the oxygen uptake rate was 23 % (sizes of SiO2 NPs of 12 nm); our results showed very 
strong inhibition of up to 97 %. In [6] the oxygen uptake rate of the activated sludge was reduced by 13 % (100 
mg/L TiO2 NPs); our results showed a slight reduction of 5 %. In [5] the smaller-sized NPs were more inhibitory 
than the large-sized NPs regardless of the concentrations; the degree of the inhibitory effect of TiO2 NPs 
depended on the exposure time [5]. 

In [10] it was suggests that NPs may be adsorbed on and/or incorporated into the bacterial cell membrane 
without necessarily causing its disruption. However, in [13] the NPs destroyed the integrity of cytomembrane; 
this destruction could cause the variation of the morphology, which might alter the physiological functions of 
microorganisms in the activated sludge and affect the performance, as the slight difference caused by the NPs 
largely depended on exposure time rather than on NP type and NP concentration. 

5. CONCLUSION 

The shock loads of NPs caused no lethal effects on activated sludge (total viability was not significantly affected 
for any of the NPs or concentrations) but a very strong reduction of respiratory activity for SiO2 and ZrO2. The 
reduced respiratory activity can be also the result of low flock porosity for SiO2 and ZrO2 NPs. The presence 
of TiO2 NPs in the activated sludge (depending on the concentration) supported the presence of Nocardia cells 
(up to 30 %) while oxygen consumption and Microthrix parvicella cells were maintained. ZrO2 NPs caused a 
restriction in the activity of the sludge (oxygen consumption of up to 54 %); Microthrix parvicella cell presence 
(of up to 20 %) and Nocardia cell presence (of up to 13 %). SiO2 NPs showed a significant restriction in oxygen 
consumption (more than 50 %) for all concentrations; while Nocardia cell presence is affected by the 
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concentration (0.1 g/L support of up to 40 %, 0.3 g/L restriction of up to 9 %); also the presence of Microthrix 
parvicella cells depends on the concentration (0.1 g/L support of up to 10 %, 0.3 g/L restriction of up to 23%). 
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Abstract 

The recognition of heterocyclic amines and their possible capture from polluted waters by porphyrins 
represents an ecological challenge.  A novel metalloporphyrin bearing a pyridine functional group, Zn (II)-4-
pyridyl-tris-(4-phenoxyphenyl) porphyrin (Zn-PyPPP), with high steric hindrance, whose base ligand was 
synthesized and characterized in our group, was used for a comparative study in order to investigate how the 
substituent -CH3 group of 1-methyilimidazole would influence the access of the free nitrogen atom to the Zinc 
atom of the porphyrin, in comparison to pyridine, despite the fact that the whole molecule is smaller than the 
six-membered cyclic compound. As expected, the performance is lower by using 1-methylimidazole.The 
formed complexes were also morphologically studied by means of AFM measurements.  

Keywords: Metalloporphyrin, heterocyclic amines, UV-vis spectrometry, AFM imaging 

1. INTRODUCTION 

Metalloporphyrins have the capacity to coordinate axial ligands, this property being essential in photosynthesis, 
enzymatic and catalytic processes [1]  

The donor molecules that act as axial ligands have a significant influence upon the absorption properties of 
metalloporphyrins, modifying the shape, position and intensity of the absorption bands. The binding of several 
amine ligands to zinc porphyrins was studied [2] showing that a pre-organized structure of the Zn- porphyrin 
binding pocket is necessary to link the amine ligands. Zn- porphyrins were intensively used in the molecular 
recognition of aliphatic amines by analyzing the changes regarding the luminescence properties. Attempts to 
probe the ability of Zn-porphyrins to recognize certain biologically relevant drugs containing amine moieties 
were already reported [3]. Nevertheless there is a lot of interest regarding the recognition of heterocyclic 
amines [4]. 

Pyridine is a basic six membered N-heterocyclic compound (Figure 1a). It acts as nitrogen donor ligand and 
forms many metal-pyridine complexes and does not absorb in the visible-wavelength region (over 400 nm). 
[5]. Stable metal-ligand complexes are reported between pyridine and metalloporphyrins, producing a red shift 
of the Soret band of the porphyrin in the UV-vis spectrum [6]. 

Another N-substituted five membered N-heterocyclic compound, 1-methylimidazole, (Figure 1b), received our 
interest to use as axial ligand for Zn-porphyrins and has no remarkable peaks in the UV-vis spectrum in the 
work domain of interest 380 - 650 nm. The -CH3 substituent at one of the nitrogen atoms may influence the 
access of the other nitrogen atom of amine molecule to the Zinc atom in the Zn-porphyrin in order to form the 
Zn-Porphyrin:1-methylimidazole complex as axial ligand.  
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A comparative study was performed in order to investigate how the -CH3 substituent of 1-methylimidazole 
would influence the access of the free nitrogen atom to the Zinc atom of the porphyrin, in comparison to 
pyridine, despite the fact that the whole molecule is smaller than the six-membered cyclic compound. The 
porphyrin of choice, bearing a pyridine functional group, was Zn(II)-4-pyridyl-tris-(4-phenoxyphenyl) porphyrin 
(Zn-PyPPP), that is a novel compound, with high steric hindrance, whose base ligand was synthesized and 
characterized in our group [7] (Figure 1c).  

N

N
CH3

N

N N

NN

N

O

O

O Zn

a b c  
Figure 1 Structure of the investigated compounds 

2. MATERIALS AND METHODS 

The UV-vis spectra were recorded on a JASCO spectrometer model V-650. Atomic force microscopy (AFM) 
images were recorded on a Nanosurf®EasyScan 2 Advanced Research AFM (Switzerland) microscope. The 
samples were deposited from benzene onto pure silica plates and the surface imaging was performed at room 
temperature.   

Benzene, DMF, pyridine and 1-methylimidazole were purchased from Merck and were used without any further 
purification. Zn(II)-4-pyridyl-tris-(4-phenoxyphenyl) porphyrin (Zn-PyPPP) was prepared by the metalation of 
the porphyrin base in DMF, at reflux, with 10 fold excess Zn(CH3COO)2 salt solved in methanol.  

General procedure for spectroscopic measurements: Solutions in benzene of ZnPyPPP, pyridine (c = 1  
x 10-4 M) and of 1-methylimidazole (c = 1 x 10-3 M) were investigated. To 3 mL of ZnPyPPP solution in benzene 
were added portions of 40 μL amine solution in benzene; the mixture was stirred for 30 seconds and the UV-
vis spectra were recorded for each step. 

3. RESULTS AND DISCUSSION 

Our attempt was to test if lower concentrations of pyridine or 1-methylimidazole can dissociate the associated 
metalloporphyrin molecules in benzene (at a concentration of 10-4 M) [6], but it resulted only in the confirmation 
of coordination of pyridine to the porphyrin moiety (Figure 2), as the Soret bands of the treated porphyrin did 
not decrease in enlargement. Both the Soret and the Q bands were only shifted to higher wavelengths. The 
decrease of the intensity of the shoulder located at 410 nm in close proximity of the Soret band can be 
indicative of the slow process of dissociation of the aggregated porphyrin molecules under the influence of 
pyridine adding. It can be observed that QII band is steadily decreasing in intensity, but the QI band is 
presenting an increase in intensity, due to changes in electron transfer.  
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Figure 2 Concentrated Zn-PyPPP in benzene treated with diluted pyridine solution 

A completely distinct purpose was focused on a more dilute porphyrin solution (c = 10-6 M), where the porphyrin 
is molecularly dissolved. In this second case, upon pyridine addition a Zn-porphyrin-pyridine complex was 
formed and justified by the presence of an isosbestic point on the Soret band at 433 nm in the UV-vis spectra 
(Figure 3a). This complex is stable for a large pyridine concentration domain, from 10-6 M to 10-5 M. The red 
shift of the Soret band can easily be observed from 427 nm in the spectrum of the sole  
Zn-PyPPP solution to 431 nm for a concentration in pyridine of 1.07 x 10-5 M. Beyond this pyridine 
concentration, the position of the maximum peak is preserved and only the decrease in intensity can be 
noticed. A linear dependence between the intensity of absorption at this wavelength with the pyridine 
concentration is observed and characterized by an excellent correlation coefficient of 99.55% (Figure 3b).  

 

Figure 3 The superposed UV-vis spectra for successive adding of pyridine solution to dilute Zn-PyPPP 
solution (a); the linear dependence between the intensity of the Soret band and the pyridine concentration 

(b); details of Q bands (c)  
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It can also be noticed that the Q bands are initially shifting to higher wavelengths (Figure 3c), from 558 nm for 
QII in the metalloporphyrin spectrum to 563 nm for a concentration in pyridine of 1.07 x 10-5 M. After this 
concentration, the wavelength of the QII band stays the same. The QI band is of lower intensity and its peak 
is also shifting from 599 nm in the porphyrin spectrum to 604 nm for the same pyridine concentration and then 
it behaves the same as QII. 

In case of 1-methylimidazole, the concentration domain for detection started one order of magnitude higher, 
from 10-5 M to 10-4 M (Figure 4a). The red shifting of the Soret band with the increase in 1-methylimidazole 
concentration is visible: from 427 nm in the bare Zn-PyPPP solution in benzene to 431 nm for a concentration 
in 1-methylimidazole of 1.105 x 10-4 M. Beyond this concentration only the linear decrease of the intensity with 
the increase in 1-methylimidazole concentration can be noticed, but the correlation coefficient is only 98.65% 
(Figure 4b), that is according to our presumption of -CH3 group inducing higher steric hindrance.  

The behavior of the QI and QII bands is similar to the case mentioned above (Figure 4c). The red shifting of 
the QII from 558 nm in the bare Zn-PyPPP solution in benzene to 563 nm for a concentration in 1-
methylimidazole of 2.42 x 10-4 M, beyond which only a decrease in intensity is noticed. The shifting of the QI 
band continues in this case for a larger concentration domain, from 599 nm in the bare porphyrin spectrum to 
606 nm for a concentration in 1-methylimidazole of 2.99 x 10-4 M.  

Studying the AFM images recorded for the Zn-PyPPP after exposure to heterocyclic amines, it can be 
observed that the morphology of the particles is completely different. In the case of pyridine (Figures 5a  
and b) the triangular particles are well oriented, highly aggregated both in H and in J type forming stratified 
multiple layers, whereas in the case of 1-methylimidazole (Figures 5c and d) the triangles are no longer visible, 
the particles are largely associated in straw-like aggregates. Expectations to any crystallinity, in this second 
case, are annulled.  

  

Figure 4 Superposed UV-vis spectra for adding increasing concentrations of 1-methylimidazole to  
Zn-PyPPP solution in benzene (a); the linear dependence between the intensity of the Soret band  

and the 1-methylimidazole concentration (b); details of the Q bands (c) 
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Figure 5 2D-AFM images for 2 micrometers of Zn-PyPPP treated with pyridine (a);  
and with 1-methylimidazole (c); 3D-AFM image in detail for Zn-PyPPP treated with pyridine (b);  

and with 1-methylimidazole (d) 

4. CONCLUSION 

This study confirmed the binding capacity of a novel derivative of Zn- porphyrin for axial ligation of heterocyclic 
amines. It can be concluded that the smaller, but more sterically hindered 1-methylimidazole molecule has a 
more difficult access to the Zn central ion of the Zn-PyPPP metalloporphyrin molecule in order to become an 
axial ligand and generate a complex, as compared to the six membered heterocycle of pyridine that has no 
substituents to hinder its access to the Zn atom. As a further purpose we will try to capture toxic amines from 
polluted waters. 
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Abstract  

Nowadays 'green' synthesis of gold nanoparticles (Au NPs), utilizing organic compounds as a reducing and 
stabilizing agents (e.g. plant extracts, biodegradable polymers), is gaining considerable attention. This 
approach of nanoparticle synthesis gives the opportunity to avoid often expensive and harmful substances for 
the environment. In this paper, Au NPs were synthesized, for the first time, by two natural materials - tarragon 
plant extract and PHB-chitosan polymer conjugate. The analysis of gold nanoparticles was provided by Vis 
spectroscopy and scanning electron microscopy (SEM). Moreover, the stability of Au NPs was determined by 
zeta potential analysis whereas their size by differential centrifugal sedimentation (DCS) technique. It was 
found that the mean size of Au NPs was 7 and 30 nm for the particles reduced with PHB-chitosan polymer 
conjugate and tarragon plant extract, respectively. Furthermore, the catalytic properties of thus synthesized 
nanoparticles were compared toward 4-nitrophenol reduction. It was determined that at the optimal conditions 
the pseudo first-order kinetic rate constant was 0.74 and 0.29 min-1 for the processes involving Au NPs 
synthesized by PHB-chitosan polymer conjugate and tarragon plant extract, respectively. 

Keywords: Gold nanoparticles, green synthesis, polymers, plant extract, catalysis 

1. INTRODUCTION 

The methods for the preparation of gold nanoparticles (nAu) are generally based on the reduction of Au(III) 
using toxic or dangerous reducing agents such as sodium borohydride, hydrazine hydrate or hydrogen [1]. 
Therefore these considerations resulted in numerous publications suggesting new synthesis routes of nAu in 
which green reduction and protection agents were used [2]. Most of these reducing and stabilizing agents were 
obtained from plants [2], algae [3], bacteria [4] and fungi [5]. 

The green synthesis of metal nanoparticles (mainly nAu) employing plant extracts are cost-efficient, and 
consequently can be applied as an alternative for the large-scale production of metal nanoparticles. Plant 
extracts can act as both reducing and capping agents [6]. Those agents mostly are vitamins, amino acids, 
phenolic and flavonoids compounds, enzymes, polysaccharides and organic acids such as citrates [7,8].  

Other eco-friendly reducing and stabilizing agent is chitosan (chit), with excellent biodegradable and 
biocompatible characteristics, moreover it is a naturally occurring polysaccharide. Using chitosan for the 
reduction and stabilization of gold nanoparticles has been already performed [9]. The other biopolymer - 
polyhydroxybutyrate (PHB) is a polymer produced as a carbon reserve in certain bacteria [10]. PHB was 
already used in synthesis and other chemical processes e.g. for stabilization of nanoscale zero-valent iron 
[11]. To improve the reduction of gold precursor and stability of nAu (moreover to enhance solubility properties 
of PHB in water), two polymers (polyhydroxybutyrate and chitosan) have been conjugated. Furthermore, 
particles of nAu have been found to be an excellent catalysts. They are often employed as a catalyst for 4-
nitrophenol (4-NP) reduction (to 4-aminophenol (4-AP)) by sodium borohydride (NaBH4). This model reduction 
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is often used to study the catalytic efficiency of metal nanoparticles. The mechanism of the reduction is 
explained that nAu are able to catalyze the reaction by facilitating electron transfer from BH4− to 4-NP [12,13]. 

In this paper, two different ‘green’ approaches for the synthesis and stabilization of nAu by 
polyhydroxybutyrate-chitosan (PHB-chit) conjugate and by tarragon pant extract (PE) were shown. In order to 
highlight how different ways of synthesis and stabilization can affect nanoparticle properties and their catalytic 
activity several characterization methods were used (visible spectrophotometry, differential centrifugal 
sedimentation (DCS), scanning electron microscope (SEM)). The stability of nAu was estimated by zeta 
potential analysis and the reduction of 4-nitrophenol by sodium borohydride was used as a model system to 
evaluate the catalytic activity of nAu synthesized by PHB-chit and PE. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Chitosan (Physical form 75-85% deacetylated, low molecular weight 50,000-190,000 Da), tetrachloroauric(III) 
acid (99.999%) were purchased from Sigma-Aldrich. Polyhydroxybutyrate (PHB, Biomer® P209) was 
purchased from Biomer (Krailing, Germany). For pH adjustment NaOH 0.1 M (LACH-NER, s.r.o., Czech 
Republic) was applied. During the extraction of tarragon, C2H5OH (VWR BDH Prolabo Chemicals, Belgium) 
was used. The tarragon (Artemisia dracunculus) extract was prepared from dried herbs (Kawon, Poland). To 
perform catalyses sodium hydroxide (LACH-NER, s.r.o., Czech Republic), sodium borohydride (99%, Sigma-
Aldrich, Czech Republic) and 4-nitrophenol (99%, Sigma-Aldrich, Czech Republic) was used. 

2.2. Synthesis of spherical gold nanoparticles 

In order to obtain homogeneous solution of spherical gold nanoparticles (without morphological dysfunctions) 
it was necessary to create appropriate synthesis conditions i.e. time of the reaction, dose of the gold precursor 
as well as the reducing agent. After this preliminary studies the synthesis conditions were selected as follows. 

2.2.1. Synthesis of spherical gold nanoparticles with PE 

The synthesis of nAu with PE was carried out in 5 mL of 1 mM HAuCl4 aqueous solution. The solution was 
hearted to 80 oC and then 120 μL of 0.1 M NaOH aqueous solution was added in order to obtain pH of 5. The 
reduction of gold particles was obtained by slowly pipetting 5 mL of 3% tarragon plant extract (20 g/L in 30% 
of ethanol solution). The reaction was stopped after 15 minutes and the final concentration of gold was 0.5 
mM. 

2.2.2. Synthesis of spherical gold nanoparticles with PHB-chit 

To synthesize gold nanoparticles 0.5 mM of HAuCl4 and 1g/L of PHB-chit was used. The solution was put in a 
closed glass tube and placed in the microwave (Royal-Lux MW 750) for 30 second at 800 W power, thereafter 
the reaction was stopped placing the glass tube in ice. 

2.3. Analytical 

Synthesized nAu were taken from the reaction mixture and subsequent analytical procedures were 
undertaken. Vis spectra’s were measured within the wavelength range of 400-900 nm by an ultraviolet-visible 
LAMBDA™ 35 UV-Vis spectrophotometer (PerkinElmer, USA) with matched 1 cm quartz cells (cuvettes). 

The composition and morphology of the synthesized nAu were studied using a scanning electron microscope 
(SEM) with a beam current between 12 nA and 40 nA and acceleration voltage of 10 kV and with a complete 
detection system comprising In-lens energy and angle selective backscatter detector (EsB); 4-quadrant solid-
state backscattered detector (AsB) and conventional secondary electron detector (Everhardt-Thornley, ZEISS, 
Ultra/Plus, Germany).  
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The zeta potential values of nAu were determined in freshly prepared suspension by Zetasizer ZS (Malvern 
Instruments Ltd, UK). Measurements were performed (ten runs each) with autocorrelation functions of 10 
seconds. Each result was the average of triplicate measurements.  

The differential centrifugal sedimentation technique (CPS Disc Centrifuge, DC24000UHR, CPS Instruments 
Inc., USA) was used for particle size distribution analysis. Measurements were made at a disc rotation speed 
of 24000 RPM. The particle sedimentation was carried out in an 8−24% (w/w) sucrose density gradient. Prior 
to each sample measurement, the instrument was calibrated using a PVC nanosphere standard (238 nm). 

3. RESULTS AND DISCUSSION 

3.1. Vis spectrophotometric analysis 

In both cases the yellow color of gold precursor (HAuCl4) and reducing agent mixture solution has changed 
to red wine color [14] (indicating the formation of nAu (Figure 1). 

 
Figure 1 On the left side: Digital images of nAu synthesized with: a) PHB-chit and b) PE. On the right side: 

Vis spectrum of nAu synthesized with: a) PHB-chit and b) PE 

The nAu (nanoparticles of gold) synthesized by PHB-chitosan conjugate (PHB-chit) and tarragon plant extract 
(PE) were characterized by visible spectroscopy (from 400 nm to 900 nm; Figure 1). The surface plasmon 
(SRP) resonance of nAu synthetized by a polymer conjugate is located at 520 nm and synthetized by plant 
extract at 530 nm. From the SRP situated in this area of visible spectrum, one can conclude that the gold 
particle size varies between 4 to 40 nm which was confirmed by further analysis. The peak of nAu synthesized 
with PE is located at longer wavelength, indicating in average larger particle size [2]. The analysis shows that 
nAu synthetized by PE has lager particle size in comparison to the particles synthetized by PHB-chit. Future 
analysis such as scanning electron microscope (SEM) and differential centrifugal sedimentation (DCS) 
confirmed this hypothesis. 

3.2. DCS (differential centrifugal sedimentation) analyses 

The differential centrifugal sedimentation technique (DCS) was used for an accurate determination of the 
particle size distribution of nAu synthesized by PHB-chit and PE (Figure. 2). The median size distribution of 
nAu synthesized by PHB-chit was found to be ~7 nm. As for the nAu synthesized by tarragon plant extract the 
median particle size distribution was determined to be approximately 30 nm. The Figure 2 shows a large 
difference between the size distributions of nAu synthesized with PHB-chit conjugate and the nanoparticles 
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synthesized with PE, the visible difference is not only in the median size distribution of these particles but also 
in the narrowness of their distribution. 

 

Figure 2 The particle size distributions of nAu synthesized by: a) PHB-chit and b) PE 

3.3. SEM analysis 

In Figure 3 the SEM pictures of gold nanoparticles synthesized with PHB-chit conjugate a) and nAu 
synthesized with PE b) are being shown. 

 

Figure 3 Scanning electron microscope morphological analysis of synthesized nAu by:  
a) PHB-chit and b) PE 

The observable particle size and morphology were in agreement with the analyses obtained by the DCS and 
Vis spectrophotometry. As it can be seen, the spherical nAu synthesized with the PHB-chit, are considerably 
smaller in comparison to the nAu synthesized with PE. Some of the particles synthesized by the PHB-chit 
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conjugate seem to have significantly smaller diameter than 10 nm (Figure 3a) in contrary to the larger particles 
synthesized by a plant extract (Figure 3b). 

3.4. Zeta potential analysis and catalytic reduction of 4-NP 

The zeta potential value for nAu synthesized by PHB-chit was about -27 ± 0.1 mV and by PE was around -37 
± 1 mV (Table 1). The zeta potential value of a colloidal solution can be an indicator of its stability. The greater 
the value of zeta potential the higher is the repulsion between the nanoparticles [15]. This means that nAu 
synthesized by PE can be considered as more stable in comparison to the nAu synthesized by PHB-chit. 
Furthermore, the reduction of 4-nitrophenol (4-NP) by sodium borohydride (NaBH4) to 4-aminophenol (4-AP) 
was used as a model system in order to evaluate the catalytic activity of spherical nAu synthesized by two 
different agents: PHB-chit and PE (Table 1). 

Table 1 The zeta potential values and pseudo first-order kinetic rate constant of 4-NP reduction by nAu  
 synthesized by PHB-chit and PE 

nAu type Size of the particles 
(nm) 

Zeta potential 
(mV) 

kapp 
(min-1) 

PHB-chit 7 -27.1 ± 0.1 0.74 

PE 30 -37 ± 1 0.29 

The reduction of 4‐NP to 4‐AP could be assumed as a pseudo first‐order owing the presence of NaBH4 in 
excess. It has been found that the pseudo first-order kinetic rate constant was 0.74 and 0.29 min-1 for the 
processes involving au NPs synthesized by PHB-chitosan polymer conjugate and tarragon plant extract, 
respectively. It can be assumed that greater catalytic performance of nAu synthesized by PHB-chitosan can 
be due to their smaller size (and therefore larger specific surface area) as well as narrower size distribution. 

4. CONCLUSIONS 

Particles of nAu were successfully synthetized by two different eco-friendly reducing and stabilizing agents 
such as PHB-chit and PE. The size of nAu synthesized by PHB-chit and PE was measured by centrifugal 
particle sedimentation technique and was found to be 7 nm and approximately 30 nm, respectively. This 
observation was further confirmed by UV-Vis spectrophotometry and scanning electron microscope (SEM) 
analyses. Zeta potential analysis revealed that nAu synthesized by PE could be more stable in comparison to 
the nAu synthesized by PHB-chit (their zeta potential value was found to be -37 mV and -27 mV, respectively). 
It was further determined that the pseudo first-order kinetic rate constant of 4-nitrophenol reduction was 0.74 
and 0.29 min-1 involving Au NPs synthesized by PHB-chitosan polymer conjugate and tarragon plant extract, 
respectively. 
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Abstract  
In this work, activated carbon (AC) web was prepared by using waste acrylic fibers followed by physical 
activation under the layer of charcoal in high temperature furnace. The carbonization of acrylic fibrous waste 
was performed at different temperature (800, 1000 and 1200 ◦C) with heating rate of 300 ◦Chr-1 and at different 
holding time. At 1200 ◦C the heating rate of 300 ◦Chr-1 with no holding time provided better results of surface 
area as compared to carbonization at 800 ◦C and 1000 ◦C. The AC web prepared at 1200 ◦C was used for 
removal of Acid Red 27 dye from aqueous media by varying different parameters like initial concentration of 
dye, stirring speed, adsorbent dosageand at different levels of pH.  

Keywords: Physical activation, stabilization carbonization, heating rate, holding time, activated carbon 

1. INTRODUCTION 

Rapid industrialization due to development in the field of science and technology with huge burden of 
population is causing a severe threat to environment. One of the most important sources of pollution these 
days is excessive use of dyes. The use of dyes is increasing day by day due to increased demand in leather, 
tanning, paper production and textile industries. Dyes are used to give colors and currently more than 10.000 
dyes with a production of 1 million tons under different trade names are used [1]. Acid red 27 is anionic dye 
used to color synthetic and natural fibers. But this dye has been banned in many countries due to suspected 
carcinogenic, however it is still used in many countries. The use of synthetic dyes is increasing due to their low 
cost but their complex structure makes them difficult to degrade causing more difficulty in their removal from 
waste water effluent [2][3]. Different waste water techniques are being used for removal of wastes like 
biological, chemical and physical methods. As synthetic dyes have complex aromatic structure structure so 
they are not removed by biological methods due to their low bio-degradation behavior [4]. Chemical techniques 
are not only expensive but also results in accumulation of sludge which in turn creates problem of disposal [2]. 
Physical adsorption is very effective method for the removal of dyes from waste water. In physical adsorption, 
activated carbon (AC) is widely used as adsorbent material. Around 80% of produced activated carbon is used 
in liquid phase applications. The additional benefits of adsorption are cost effective, simple and devoid of 
hazardous material [5][6][7]. 

Despite the promising developments in textile applications, the increased demands also brought challenges 
to dispose large amount of wastes generated during their processing. Generally textile wastes are classified 
as either pre-consumer or post-consumer textile waste. Pre-consumer textile waste is the leftovers or 
byproducts from textile, fiber-or cotton industries. On the other hand, post-consumer textile wastes are the 
wastes of textile products such as fleece, flannel, corduroy, cotton, denim, wool, and linen. These wastes are 
generally discarded as landfills or incinerated as an alternative fuel source. In recent years, research on 
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recycling and reuse of textile wastes, instead of landfilling or incineration, has gained a lot of importance due 
to the increased awareness of environmental concerns. This is because, textiles in landfill biodegrade to form 
methane gas and release it into the air which is not suitable for human consumption. Similarly incineration of 
textile wastes lead to release of toxic fumes which are hazardous in nature. European Union (EU) typically 
being more progressive on environmental issues have implemented laws (Directive 2000/53/CE) to prevent 
the landfilling of waste materials [8][9]. In the context of environment protection and current disposal of the 
textile wastes, it becomes essential to recover useful products from them for economic reasons. Traditionally, 
textile wastes are converted into individual fiber stage through cutting, shredding, carding, and other 
mechanical processes. However, due to increase in competition and reduced profit margins in these industries, 
it has become important to search for new recycling techniques to utilize them for high end applications.  

In this work, acrylic fibrous waste after converting into non-woven web was carbonized to activated carbon 
web by physical activation in high temperature furnace. Later, the yield %, specific surface area, shrinkage, 
surface area and elemental analysis of carbonized samples was performed. The study presented the utility of 
prepared activated carbon web for the removal of acid red 27 dyes from aqueous solution using adsorption 
kinetics. 

2. EXPERIMENTAL METHODS      

2.1. Materials  

The acrylic fibrous waste was taken from Grund Industries of Czech Republic in the form of bath mats. These 
fibers have acrylonitrile copolymer 85-89%. Acid red 27 was purchased from Sigma Aldrich, Czech Republic. 

2.2. Conversion of acrylic fibrous waste into ac web 

The acrylic fibers were separated from bath mats by using mechanical cutting. The fibers were further opened 
on laboratory roller card (Befama, Poland) and converted into compact structure of non-woven web by using 
needle punching machine. Initially the acrylic web was stabilized then carbonized at different temperatures 
and heating rates as shown in Table 1. 

Table 1 Carbonization parameters for acrylic fibrous waste 

Sample No. Final pyrolysis temperature (◦C) Heating rate (◦C hr-1) 

1 800 150 

2 800 300 

3 800 450 

4 1000 150 

5 1000 300 

6 1000 450 

7 1200 150 

8 1200 300 

9 1200 450 
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2.3. Characterization of prepared AC web 

The activated carbon webs prepared at different temperatures were characterized for determining their specific 
surface, elemental analysis and yield. The yield of activated carbon web was determined by using equation 1. 

푌푖푒푙푑 =      
    

 × 100         (1) 

The specific surface area of activated carbon webs was determined by nitrogen adsorption desorption 
isotherms at 77.3 K using Quantachrome instrument. The isotherms measured were taken in relative pressure 
P/Po (range from 0.02 to 1). Energy disperse x-ray spectroscopy analysis (EDX) helped to understand the 
proportion of different elements in AC prepared at different temperatures. The morphology of activated carbon 
and dye adsorbed activated carbon web was studied by the help of Scanning electron microscope (SEM) at 
30 kV accelerated voltage.   

2.4. Adsorption of acid red 27 on to ac non-woven web 

The aqueous solution of acid red with different concentrations was prepared by dissolving the required amount 
of dye in distilled water in ordere to get different concentrations (5.0, 10.0, 15.0, 20.0 and 25.0 mg L-1). The 
adsorption performance was investigated by using batch method. A constant amount of AC web (i.e. 0.1 g) 
was introduced in each flask having 50 ml of dye solution and was placed on water bath shaker. UV-visible 
spectrophotometer (UV-1600 pc spectrophotometer) was used for determining the concentration of dye. The 
dye removal efficiency was calculated by using equation 2. 

퐷푦푒 푟푒푚표푣푎푙 푒푓푓푖푐푖푒푛푐푦 = ( ) × 100         (2) 

Where Co (mg L-1) and Ce (mg L-1) are initial and final concentrations of dye before and after the addition of 
adsorbent (activated carbon web). The adsorption capacity of activated carbon web was calculated from 
equation 3. 

퐴푑푠표푟푝푡푖표푛 푐푎푝푎푐푖푡푦 (푞 ) =  (퐶 − 퐶 )          (3) 

Where qe (mg g-1) is the amount of dye adsorbed or accumulated on adsorbent, V is the volume of solution in 
liters and W is the mass of adsorbent in grams.  

3. RESULTS AND DISCUSSIONS 

3.1. Effect of carbonization parameters on the properties of ac web 

The physical properties of activated carbon webs prepared at different temperatures (800 ◦C, 1000 ◦C and 
1200 ◦C) with different heating rates (150, 300 and 450 ◦Chr-1 ) and no holding time are shown in Table 2. 
Initially the acrylic webs were stabilized at 250 ◦C with slow heating rate (35◦Chr-1). Black color after stabilization 
indicated that web was properly stabilized due to cyclization, dehydrogenation and oxidation of PAN structure 
[10]. During stabilization nitrile groups assisted in formation of ladder structure which enhanced mechanical 
properties and yield of final carbon web. During carbonization process, further cross-linking converted 
stabilized web into turbostratic carbon structure with more orientation of carbon basal planes. The activated 
carbon web prepared at 800 ◦C with heating rate 150, 300 and 450 ◦Chr-1 provided surface area of 104, 120 
and 90 m2g-1. Similarly at 1000 ◦C it give 170, 190 and 140 m2g-1. Whereas at 1200 ◦C, the surface area were 
240, 278 and 210 m2g-1 at heating rate of 150, 300 and 450 ◦Chr-1 respectively. Literature also showed almost 
similar surface area by using physical activation with different precursor materials [11][12].  
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Table 2 Effect of carbonization parameters on AC web properties 

Temperature (◦C) Yield (%) Flexibility Dusting 

Heating rate (150 ◦C hr-1) 

800 56.62 Good Good 

1000 49.32 Good Good 

1200 37 Poor Poor 

Heating rate (300 ◦C hr-1) 

800 61.70 Good Good 

1000 57.14 Average Average 

1200 45.33 Poor Poor 

Heating rate (450 ◦C hr-1) 

800 63.47 Good Good 

1000 61.38 Poor Poor 

1200 51.56 Poor Poor 

The increase in surface area at high temperature was due to more reaction of atmospheric oxygen with 
carbonizing structure, which caused elimination of different elements from structure and rearrangement of 
basal planes. These two reasons were main driving forces for creation of porous structure as can be seen from 
Figure 1. 

 
Figure 1 Effect of carbonization temperature on specific surface area of AC web 

3.2. Energy disperse x-ray spectroscopy analysis 

Energy disperse x-ray spectroscopy analysis (EDX) gave the relative proportion of different elements present 
in carbon webs prepared at different temperatures (800, 1000 and 1200 ◦C) with heating rate 300 ◦C hr-1 as 
can be seen from Table 3. It was clear from Table 3 that by increasing carbonization temperature from 800 ◦C 
to 1200 ◦C the carbon content was increased (CK, which means excitation in K shell), however with reduction 
in concentration of oxygen (OK, which means excitation in K shell). The AC web produced at 1200 ◦C showed 
92.49 % and 6.61 % content of carbon and oxygen respectively, due to elimination of nitrogen, sulfur, hydrogen 
and other elements [13].  
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Table 3 Effect of carbonization temperature on elemental composition of AC web 

Element App conc. Intensity Weight (%) Atomic (%) 

800 ◦C 

CK 0.26 2.12 0.13 91.76 

OK 0.01 0.76 0.01 8.24 

1000 ◦C 

CK 0.37 2.12 0.18 91.87 

OK 0.02 0.76 0.02 8.13 

1200 ◦C 

CK 0.18 2.10 0.09 92.49 

OK 0.01 0.74 0.01 6.61 

CaK 0.00 0.90 0.00 0.90 

3.3. SEM morphology 

For determination of porosity the surface morphology of activated carbon webs prepared at different 
temperatures was analyzed. Figure 2 (a-d) showed the SEM images of pure acrylic and AC webs produced 
at 800 ◦C, 1000 and 1200 ◦C. It was clear from SEM images that as temperature of carbonization increased, 
roughness of surfaces also increased. The increased in surface roughness indicated the more porous structure 
at high temperature.  

 
Figure 2 (a) SEM image of acrylic web, (b) SEM image of AC prepared at 800 ◦C (c) SEM image of AC 

prepared at 1000 ◦ (d) SEM image of AC prepared at 1200 ◦C 

3.4. Effect of process parameters on dye removal efficiency 

3.4.1. Effect of initial concentration of dye 

For the adsorption experiments (effect of initial concentration of dye, adsorbent dosage, stirring speed and 
pH), the activated carbon web prepared at 1200 ◦C with heating rate of 300 ◦Chr-1 has been used because of 
its high surface area. The dye adsorption performance of activated carbon was investigated by varying the 
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initial concentration of dye from 5 mg L-1 to 25 mg L-1. It is clear that dye removal percentage increased by 
increasing contact time and then achieved a constant value when the process reached at equilibrium as can 
be seen from Figure 3. As far as dye removal efficiency was concerned, it decreased from 92.59 % to  
76.31 % when the concentration of dye was increased from 5 mg L-1 to 25 mg L-1 while keeping other factors 
constant like dosage of activated carbon, stirring speed and temperature.  

  
Figure 3 Effect of initial concentration of dye on 

removal efficiency 
Figure 4 Effect of adsorbent dosage on dye 

removal and adsorption capacity 

3.4.2. Effect of adsorbent dosage  

The effect of adsorbent dosage on dye removal efficiency and adsorption capacity was analyzed by changing 
the adsorbent dosage from 1 mg L-1 to 5 mg L-1 while keeping other factors same like contact time 150 minutes, 
temperature 25 ◦C, 15 mg L-1 acid red concentration and a stirring speed of 200 rpm. From Figure 4, it was 
clear that dye removal efficiency increased as the quantity of activated carbon was increased. The acid red 
removal percentage was 81.46 % when 1 g L-1 adsorbent (activated carbon) was used. However this trend of 
dye removal efficiency kept on increasing to 84.72 %, 87.98 %, 91.64 % and 95.51 % when the quantity of 
activated carbon was increased to 2 g L-1, 3 g L-1, 4 g L-1 and 5 g L-1 respectively. This increase in dye removal 
efficiency is attributed to increased surface area of adsorbent and more availability of active sites resulting 
from increased adsorbent dosage. Similar results have been reported by removal of acid dye on granular AC 
[19,20]. However, there was an inverse trend when the adsorbent dosage and adsorption capacity of activated 
carbon were analyzed. This is probably due to the reason that adsorption sites present on activated carbon 
remained unsaturated in adsorption process, hence a fall in adsorption capacity was expected [14]. 

3.4.3. Effect of stirring speed 

The effect of stirring speed on dye removal efficiency and adsorption capacity was investigated by keeping 
acid red concentration 6 mg L-1 , temperature 25 ◦C, adsorbent dosage 2 g L-1 and contact time 150 minutes to 
ensure that equilibrium point was achieved. The stirring speed was changed from 50 rpm to 200 rpm. One 
sample was used without the stirring speed for comparing the results. From Figure 5 it was clear that only 
2.44 % dye was removed without any stirring. However as the stirring speed was increased dye removal 
efficiency was found to increase to 30.75 %, 57.23 %, 71.89 % and 81.78 % respectively. As far as adsorption 
capacity was concerned it also increased as the stirring speed was increased. The adsorption capacity of 
activated carbon increased from 1.78 mg g-1 to 3.31 mg g-1, 4.155 mg g-1 and 4.71 mg g-1 when the stirring 
speed was increased from 50 rpm to 100 rpm, 150 rpm and 200 rpm respectively. This trend is obvious due 
to more interaction of dye solution with the adsorbent at high stirring speed [15]. 
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Figure 5 Effect of stirring speed on dye removal 

and adsorption capacity 
Figure 6 Effect of pH on dye removal efficiency and 

adsorption capacity 

3.4.4. Effect of pH  

The pH of solution has significant effect on the dye removal efficiency and adsorption performance of activated 
carbon. For analyzing dye removal efficiency of acid red, pH of solution was varied from 2 to 11, while keeping 
other parameters constant like adsorbent dosage 2 mg L-1, dye concentration 15 mg L-1 , stirring speed of 200 
rpm temperature 25◦C and contact time 150 minutes to ensure that equilibrium was achieved. The point of 
zero charge of AC web prepared by pyrolysis of acrylic fibrous waste was found to be 5.90. It is the point at 
which the net charge on the surface of activated carbon is zero [16]. At pH > pHZPC the surface of adsorbent 
is negatively charged while at pH < pHZPC the surface becomes positively charged [17][18]. The pH of solution 
was varied by the help of sodium hydroxide (NaOH) and hydrochloric acid (HCL). It is clear from Figure 6 that 
maximum dye removal efficiency (93.27%) was observed at pH 2, while minimum dye removal (67.82%) was 
observed at pH 11.  

At pH value lower than the point of zero charge of activated carbon the surface of activated carbon becomes 
positively charged due to accumulation of positive ions (H+). Therefore, as the pH value was reduced, the 
adsorption capacity and dye removal efficiency was increased due to electrostatic attraction between positively 
charged activated carbon and anionic dye molecules (AR-). This force of attraction is mainly responsible for 
the removal of dye molecules from the solution. However as the pH of solution was increased further, the dye 
removal efficiency and adsorption capacity decreased due to accumulation of negatively charge on the surface 
of adsorbent. This force of repulsion between anionic dye molecules and surface of activated carbon was 
mainly responsible for less removal of dye at high pH. Similar results have been reported by Shah and 
coworkers [19] where they found that electrostatic force of attraction and repulsion played significant effect in 
dye removal from solution.   

4. CONCLUSION     

The acrylic fibrous waste was successfully converted into activated carbon web by physical activation at 
different temperatures (800◦C, 1000 ◦C and 1200 ◦C) with different heating rates of 150, 300 and 450 ◦C hr-1 

with no holding time under the layer of charcoal. The higher surface area 278 m2/g was achieved at higher 
temperature 1200 ◦C with 300 ◦C hr-1 due to more elimination of different elements from carbonized material 
and due to mutual arrangement of carbon sheets. Later the adsorption performance of acid red on activated 
carbon was examined by varying different parameters like varying the initial concentration of dye from  
5 mg L-1 to 25 mg L-1, adsorbent dosage, stirring speed and different pH of solutions. From the results, it was 
clear that more equilibrium time was required when the concentration of dye was increased. However, when 
the adsorbent dosage and stirring speed was increased, it took less time to remove dye.  
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Abstract  

In nature, we can find a variety of systems by which plants and animals are defending against dangers coming 
from their surroundings. The aim of this contribution is to show three different types of nanostructures, which 
are one, two or three-dimensional and show their function in defense of objects in nature. The first type is 
nanoparticles. In specific types of plants, when they are growing they make primary nanoparticles which are 
made of silicon dioxide with a size from one till tens of nanometres. These structures then form a bigger 
globular formation. Moreover, these formations make up layers, which serve as a compact barrier against 
microorganisms. The second type of nanostructures has a prolonged shape with a diameter size of tens of 
nanometres and a length of hundreds of nanometres. It could be found on plant surfaces. These structures 
have wax characteristics which allow them to be superhydrophobic. From these kinds of surfaces even dirt 
can be washed away, as well as pathogens which stick to drops of water. The third type of nanostructure is a 
three-dimensional nanoformation in a conical shape, which can be found on the wings of cicada. The ratio of 
these formations is approximately 150 nanometres at the base and 30 nanometres at the top, with a height of 
300 nanometres. These nanocones have the ability to disturb cell walls of bacteria which are sticking to it. The 
breaching of these cell walls is caused by physical-mechanical processes without using chemical substances. 

Keywords: Natural objects, nanostructures, defense mechanisms 

1. INTRODUCTION  

Development of synthetic nanostructure in modern materials and technologies has been the matter of recent 
years. Nanostructure systems, which are found in natural objects have developed for decades incomparably 
longer. The ability to artificially copy these systems at conditions which are found in nature is still unreachable 
to us. Surface structures defense mechanisms that are used in nature are often created as hierarchical 
structures, based on nanoparticles present within long-form nanoscale or three-dimensional nanocones 
shapes. 

In many plant types, we can find surface structures based on silicon dioxide. Made out layers serve as 
compact, impermeable barriers for the intersection of unwanted organisms. These layers are made of cells 
incrusted by nanoparticles made of silicon dioxide. They normally have a spherical shape and a size of about 
20 nanometres with a tendency to aggregate in bigger globular shapes with a size of 100 nanometres. They 
interconnect each other by fine organic fibres [1]. Apart from silicon dioxide they also contain calcium, 
potassium, manganese, phosphor and very often aluminium [2]. Cells with incrustation - phytoliths have a 
characteristic shape depending on the type of plant. Phytoliths decompose very slowly in normal soil conditions 
and their lifetime can reach up to a thousand years [3]. Nanoparticles are formed in the process of 
photosynthesis from a solution of ortho-silicic acid, which plants absorb from the soil environment [4]. 

The most typical function of nanostructures found on the surface of a plant is to maintain hydrophobicity, which 
is for many plants essential. As it has the function of eliminating the water film on which unwanted organisms 
could dwell, e.g. spores of mould and bacteria. Structures which are from this point of view the most effective 
have a protracted stick shape or hollowed tubule. They are often placed on the micrometre-sized convex 
surface cells. With this, they ensure specific behaviour of their surfaces - hydrophobicity and super-
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hydrophobicity or self-cleaning ability [5]. Mechanisms of these functions are based on water surface tension, 
hierarchical structure and chemical composition which arise on the bases of N-nonacosan as secondary 
metabolites in the process of photosynthesis [6]. 

The most frequent spatial nanostructures have the shape of a cone. They are placed geometrically compact 
next to each other to form a homogenous plane [7]. To the present day, the most studied function of nanocones 
is their specific ability to breach surface microorganisms, so to say to thin out their membrane till it erupts. The 
mechanism of this destruction process is based on surface tension and capillary forces in nanostructures. The 
studied nanocones are found e.g. in wings of cicadas or dragonflies [8,9].  

2. EXPERIMENT 

Three typical examples were selected to describe properties above mentioned: 

 Equisetum arvense as a plant object, whose surface is a protected barrier (strengthened structure) made 
from nanoparticles of silicon dioxide,  

 leafs of Nelumbo nucifera as an example of a superhydrophobic surface with self-cleaning abilities, 
 wings of Lyristes plebejus with a surface covered with nanocones decomposing microorganisms. 

For the evaluation of the size and distribution of the nanostructures, scanning electron microscope FE SEM 
Zeiss Ultra Plus was used. Before the use of SEM, samples were coated with a thin layer (nanometer units) 
of platinum. The evaluation of chemical composition EDX analysis was done with Oxford Aztec Energy 
detector. For precise chemical analysis, a method of ICP-OES (inductively coupled plasma emission 
spectrometry) was used. Hydrogen peroxide 30% p.a. was used to decompose the Equisetum arvense. For 
the evaluation of the effectiveness of the wing structure as a mean to eliminate gram negative bacteria 
(Pseudomonas putida), the spectrofotometrical fluorescence method was used. The preparation of samples 
was different with each sample type as samples were quite different and targeted observation. For study and 
characterisation of silica nanoparticles in Equisetum arvense, observed parts were decomposed in a 30% 
solution of hydrogen peroxide p.a. The decomposition process took place in a closed glass container for a time 
of 6 months. Samples were observed visually and samples which were white after the end of the cycle were 
washed with distilled water and dried at laboratory temperature. Samples were analysed with SEM and EDX 
analysis. For the study and characterization of prolonged nanoshapes found on the leaves of Nelumbo 
nucifera, SEM analysis was used. The shape, distribution and the homogeneity of nanocones on the wings of 
Lyristes plebejus was analysed by SEM analysis as well as the number of microorganisms. 

3. RESULTS AND DISCUSSION  

Samples were prepared by decomposing Equisetum arvense in hydrogen peroxide and then evaluating by 
SEM and EDX analysis. Compact layer made of cells-phytoliths (guarded by a shell of silicon dioxide particles) 
with a size of 100 micrometres and a width of 20 micrometres (Figure 1). Individual cells fit to each other 
(Figure 2) and they are made of globular shapes which have a size of 60 nanometres. These shapes are 
made from oblong nanoparticles of silicon dioxide with a size from 8 to 10 nanometres [10]. After the 
decomposition of the sample in hydrogen peroxide it was identified that there is a different morphology of the 
inner and outer side of the crust. Even after a relatively long decomposition time, bigger or smaller amounts of 
accompanied ions were detected in the samples. Especially calcium, magnesium, and potassium which play 
an important role in the growth of the plant (Figure 2). The presence of aluminium is associated with the plants 
ability to accept this ion in presence of silicon dioxide and it tends to make secondary aluminosilicate [11]. The 
concentration of these elements are tens to thousands ppm which tends to differ depending on the location of 
growth of the plant. Apart from essential elements and other mentioned elements, carbon waste was always 
identified from 5 to 20 at. % (Figure 2). Carbon which remains in the sample cannot be removed during the 
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process of hydrogen peroxide decomposition as it can by burning down or by usage of microwave reactor [12]. 
The amount of carbon waste depends on the length of decomposition. The amount of carbon in phytoliths 
relates with the ability of the plant to bond carbon dioxide to its structures and keep it for a longer time [13]. 

      

Figure 1 The image of the Equisetum arvense inner wall built from the compact silicon dioxide crust (left). 
The inner wall of the crust with visible circular shapes surrounding the vents. The morphologically different 

outer part of the crust can be seen in the image at the top right (right) 

      

Figure 2 The image of the inner wall of the crust consisting of individual incrusted cells (left) and EDX 
analysis with apparent inhomogeneous calcium ion exclusion at the boundaries of the formations (right) 

Leaf surface of Nelumbo nucifera was described based on images made by a scanning electron microscope. 
The leaf was dried out and its surface was coated with a layer of platinum up to 4 nanometres, which did not 
affect the geometry of the studied structure because plant nanostructures are bigger. Dehydration did not 
disrupt convex cells, therefore, its size is well observable (Figure 3). At the base, the cell diameter is from 8 
to 10 micrometres and at a peak of about 5 micrometres. The height is in range of 10 to 12 micrometres 
(Figure 4). These cells are covered by hollowed tubes based on N-nonacosan [6]. The outer diameter of the 
tubes is from 110 to 130 nanometres, with an inner diameter of 50-60 nanometres, the length of it is 
approximately 600 nanometres. Based on simulated calculations, it was found that there are about six million 
of these tubes [14]. The tubes hold air between each other. Due to the surface structure of leaves and the 
physical reason like the surface tension of the water the contact area between a leaf and water droplet is 
minimal. Dirt which would stain the leaf is immediately bundled up with the drop of water and it’s taken away 
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from the leaf. As with the study of the action of water on these types of surfaces we still have to consider that 
in nature these systems are dynamic. 

      

Figure 3 An overview image of Nelumbo nucifera leaf surface with the regularly spaced convex cells on its 
surface (left). An image of the convex cell arrangement (right) 

      

Figure 4 Detailed images of the surface of convex cells coated with wax nanotubes 

Wings of Lyristes plebejus were evaluated based on images from the scanning electron microscope. Wings 
are transparent and their thickness is around 10 micrometres. From the point of nutrition and mechanical 
stability, they are reinforced by veins made of chitin [15]. The surface of the wings has long conical formations, 
which make a homogeneous area (Figure 5). The dimensions of the cones are as follows: the diameter at the 
base of the cone is about 150 nanometres, the height is about 320 nanometres (Figure 6). On the surface of 
the wing, despite its hydrophobic behaviour, immobilization of microorganisms can occur (Figure 6). 
Microorganisms are sucked in by capillary forces between nanocones. Based on these processes, the 
membrane of the microorganisms between the cones is stretched and weakened until it eventually breaks. By 
this physical-mechanical way and without the use of chemicals, the microorganisms are disturbed and 
disposed of [7, 8, 9]. In the initial experiment, wings were subjected to an analysis of their ability to dispose of 
Pseudomonas putida (Gram-negative bacteria) as described above. Despite the published results, the ability 
of the "conical" structure to dispose of the microorganisms in the manner described above was not sufficiently 
proved. Intact and immobile organisms are visible on the scanning electron microscope image of the surface 
of the cicada wing (Figure 6). 
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Figure 5 Overview images of the cicada wing surface 

   

Figure 6 The detailed image of the shape, size, and arrangement of cones on the cicada wing surface (left). 
The presence of Pseudomonas putida on the cicada wing surface 24 hours after exposure (right) 

4. CONCLUSION 

Based on executed studies, it is obvious, that natural objects have many possibilities in which they protect 
themselves from the outside environment. For that, nanostructures are used in the form of 1D, 2D, and 3D, 
which are made based on biochemical processes and the process of photosynthesis. Despite the diversity of 
the described nanostructure function, they function on principles and mechanisms based on simple physical 
phenomena. As can be seen, natural systems exploit the potential of nanostructures in the same way as 
nanotechnology in biological processes. The importance of studying natural structures and their functions lies 
in trying to understand these mechanisms and transfer them into practical use. The above-mentioned 
structures, principles, and mechanisms represent a modern way to address existing and future problems 
associated with the environmental impacts of human activity. 

ACKNOWLEDGEMENTS   

The research reported in this paper was financially supported by the Ministry of Education, Youth 
and Sports in the framework of the targeted support of the “National Programme for Sustainability I” 
(LO1201) and the OPR&DI project “Centre for Nanomaterials, Advanced Technologies and Innovation 

CZ.1.05/2.1.00/01.0005”. At the same time, my thanks belong to Mr. Pavel Kejzlar for microscopic 
analysis, to Mr. Petr Parma for chemical analysis and Mrs. Huyenh Anh Nhung Nguyen for initial 

biological experiments on cicada wings. 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

436 

REFERENCES 
[1] CURIE, H. A., PERRY, C. C. Silica in Plants: Biological, Biochemical and Chemical Studies. Annals of Botany, 

2007, vol. 100, pp. 1383-1389. 

[2] SAHEBI, M., HANAFI, M. M., AKMAR, A. S. N., RAFII, M. Y., AZIZI, P., TENGOUA, F. F., AZWA, J. N. M., 
SHABANIMOFRAD, M. Importance of Silicon and Mechanism of Biosilica Formation in Plants, BioMed Research 
International, 2015, pp.16. 

[3] SONG, Z., MCGROUTHER, K., WANG, H. Occurence, turnover and carbon sequestration potential of phytoliths 
in terrestrial ecosystem. Earth Science Reviews, 2016, vol. 158, pp. 19-30. 

[4] MA, J. F., YAMAJI, N. Silicon uptake and accumulation in higher plants. Trends in Plant Science, 2006, vol. 11, 
no. 8, pp. 392-397. 

[5] BHUSHAN, B. Biomimetics: lessons from nature - an overview. Philosophical Transaction Royal Society A, 2009, 
vol. 367, pp. 1445-1486. 

[6] BARTHLOTT, W., NEINHUIS, CH., CUTLER, D., DITSCH, F., MEUSEL, I., THEISEN, I., WILHELM, H. 
Classification and terminology of plant epicuticular waxes. Botanical Journal of the Linnean Society, 1998, vol. 
126, pp. 237-260. 

[7] POGODIN, S., HASAN, J., BAULIN, V. A., WEBB, H. K., TRUONG, V. K., NGUYEN, T. H. P., BOSHKOVIKJ, V., 

FLUKE, CH. J., WATSON, G. S., WATSON, J. A., CRAWFORD, R. J., IVANOVA, E. P.  Biophysical Model of 
Bacterial Cell Interactions with Nanopatterned Cicada Wing Surfaces. Biophysical Journal, 2013, vol. 104, pp. 
835-840. 

[8] NOWLIN, K., BOSEMAN, A., COVELL, A., LAJEUNESSE, D. Adhesion-dependent rupturing of Saccharomyces 
cerevisiae on biological antimicrobial nanostructured surfaces. Journal of Royal Society Interface, 2015, vol. 12. 

[9] BANDARA, CH. D., SINGH, S., AFARA, I. O., TESFAMICHAEL, T., WOLFF, A., OSTRIKOV, K. K., OLOYEDE, 
A. Bactericidal Effects of Natural Nanotopography of Dragonfly Wing on Escherichia coli. Applied Material 
Interfaces, 2017. 

[10] KROISOVÁ, D., FIJALKOWSKI, M., ADACH, K., PETRÁŇ, A. Přeslička rolní - stavba, struktura a chemické 
složení, Jemná mechanika a optika, 2015, vol. 60, no. 9, pp. 272-277. 

[11] CARNELLI, A. L., MADELLA, M., THEURILLAT, J. P., AMMANN, B. Aluminium in the opal silica reticule of 
phytoliths: a new tool in palaeocological studies. American Journal of Botany, 2002, vol. 89, no. 2, pp. 346-351. 

[12] KROISOVÁ, D., FIJALKOWSKI, M., ADACH, K., SKOLIMOWSKI, J. Metoda získávání nanočástic biomorfního 
oxidu křemičitého z rostlinných částí charakteristických jeho vysokým obsahem, 2016, P 305968. 

[13] SONG, Z., WANG, H., STRONG, P. J., LI, Z., JIANG, P. Plant impact on the coupled terrestrial biogeochemical 
cycle of silicon and carbon: Implications for biogeochemical carbon sequestration. Earth-Science Reviews, 2012, 
vol. 115, pp. 319-331. 

[14] RON, J. Studium povrchových struktur vybraných přírodních objektů a možnosti vytváření jejich analogií. 
Diplomová práce, 2012, Technická univerzita v Liberci, pp. 68. 

[15] SUN, M., WATSON, G. S., ZHENG, Y., WATSON, J., WATSON, A., LIANG, A.  Wetting properties on 
nanostructured surfaces of cicada wings. The Journal of Experimental Biology, 2009, vol. 212, pp. 3148-3155. 

 
 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

437 

INTERACTION BETWEEN BOVINE SERUM ALBUMIN AND CeO2 

MARŠÁLEK Roman, BUKÁČKOVÁ Marta  

Faculty of Science, University of Ostrava, Ostrava, Czech Republic, EU  
roman.marsalek@osu.cz  

Abstract 

Cerium oxide nanoparticles were prepared by the hydrothermal method. Simultaneous measurements of the 
bovine serum albumin adsorption and zeta potential determination of the (adsorption) suspensions were 
carried out. The samples of nanoceria with positive zeta potential adsorbed more bovine serum albumin while 
on the other hand, the samples with negative zeta potential exhibited little or no protein adsorption. Particle 
size distribution and the influence of pH and temperature on the zeta potential of the prepared CeO2 and BSA 
were determined. The adsorption isotherms of BSA on CeO2 were found to be of the typical Langmuir type; 
values of the bovine serum albumin adsorption capacities were calculated. Increasing pH led to a decrease in 
zeta potential and decrease in the adsorption capacity of cerium oxide nanoparticles. It was proved that the 
adsorption capacity of BSA on nanoceria particles increased with a rise in temperature. The maximum 
adsorption capacity was found for an acid (pH 4) suspension and temperature of 34 °C (am = 124 mg.g-1). 
Calculated thermodynamic parameters indicate that the adsorption of BSA on the ceria is an endothermic 
(ΔHads > 0) and spontaneous (ΔGads < 0) process. The kinetics of adsorption best fit the pseudo-second-order. 

Keywords: Nanoceria, albumin, adsorption, zeta potential, kinetics, thermodynamics 

1. INTRODUCTION 

Nanoparticles exhibit exceptional physicochemical properties such as large surface area, surface reactivity, 
charge, shape, etc. These interesting functions and properties of nanoparticles have led to their expansion 
into many fields of human activity. With their extensive applications, serious concerns have been raised over 
their health risks once they are released into the environment. Nanoparticles (NPs) can be transported into 
blood or across cell membranes into cells, and may interact with proteins in blood or cytoplasmic proteins. 
Protein adsorption on a solid surface may induce changes in their structures and functions, even the entire 
protein molecules. Hence, protein adsorption could result in adhesion, proliferation, and differentiation of cells, 
as well as affect foreign body response and inflammatory processes. Adsorption of protein molecules is 
generally governed by Columbic forces, van der Waals forces, hydrophobic interactions, and the sorbate 
conformational stability. The surface area provides possible sorption spaces for protein adsorbed on particle 
surfaces [1]. Cerium oxide nanoparticles are very useful in biomedical applications. Cerium oxide nanoparticles 
(nanoceria) are a unique nanomaterial because they exhibit anti-inflammatory properties. Cerium oxide 
nanoparticles can act as direct antioxidants to limit the amount of reactive oxygen species required to kill 
hippocampal nerve cells [2]. The following research found that cerium oxide nanoparticles exhibit catalase 
mimetic activity and can act as a catalyst that mimics superoxide dismutase and catalase [3]. The adsorption 
of bovine serum albumin to the nanoparticles of cerium oxide, and also studies of the adsorption of these 
nanoparticles on the surface of lung cancer cells A 549 were subject to further review. Both of these 
interactions were going on, and inter alia were monitored with a focus on the changing zeta potential [4]. It is 
believed that the zeta potential is one of the decisive factors in the adsorption of proteins on the surface of 
nanoparticles. Our goals in this study were to synthetize cerium oxide nanoparticles and determine how the 
surface charge modification (measured by the zeta potential) of cerium oxide nanoparticles (nanoceria) affects 
the bovine serum albumin adsorption. 
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2. MATERIALS AND METHODS 

2.1. Materials and Methods 

2.1.1. Preparation of Cerium Oxide Nanoparticles  

Cerium nitrate (Sigma Aldrich) was dissolved in distilled water to obtain a 0.1 M solution. An equal volume of 
0.5 N ammonium hydroxide solution (Sigma Aldrich) was then added with stirring at about 300 rpm. The 
solution was then heated in an oven at 110 oC to evaporate all the water in the solution and the cerium oxide 
powder obtained was then heated at 300 oC for an hour and then furnace cooled. The powder was then 
transferred to a Teflon-lined stainless-steel autoclave containing 2.0 N sodium hydroxide solution (Sigma 
Aldrich) up to 80% of its total volume and heated at 120 oC for 24 h under autogenous pressure. The system 
was then allowed to cool down to room temperature. Finally, the resulting solution was titrated with HCl (Sigma 
Aldrich) to bring the pH of the solution to 7.0. Then the excess liquid was evaporated off resulting in 
hydrothermal ceria nanoparticles [4]. 

2.1.2. Zeta potential  

The zeta potential was measured by analysing 0.1 g of CeO2 in 10 mL of distilled water using the Zetasizer 
Nano ZS (Malvern Instruments Ltd., GB). Before the zeta potential measurements, all samples were sonicated 
for 5 minutes. The influence of pH in the range 2-11 was determined. The dynamic method consisted of using 
the ZS Malvern Zetasizer device coupled with an automatic titrator (Malvern MPT-2). The pH of the 
suspensions was automatically adjusted by this automatic titrator using hydrochloric acid (0.25 and 0.025 
mol.L-1) and sodium hydroxide (0.25 mol.L-1). To determine changes on the CeO2 surface caused due to 
adsorption of BSA, the zeta potential of the CeO2-BSA system was carried out.  

2.1.3. Protein Adsorption  

To determine protein adsorption, 10 mg of nanoceria was weighed in a flask and 10 mL of a BSA (Sigma 
Aldrich) solution of a known concentration (3, 6, 12, 25, 50, 100, 200 mg.L-1) was added. The solutions were 
stirred vigorously with a magnetic stirrer for 8 h. The nanoceria particles were centrifuged and the concentration 
of BSA was determined in the supernatant using UV - visible spectroscopy (Cary 1E UV-Visible 
Spectrophotometer, Varian Analytical Instruments) by determining the absorbance maximum at wavelength 
280 nm. The pH value of each suspension was adjusted by adding either NaOH or HCl when the influence of 
pH on the adsorption capacity was followed.  

2.1.4. Thermodynamics and kinetics 

The amount of nanoceria particles and concentration of BSA were the same as mentioned above, which means 
10 mg of CeO2 in 10 mL of BSA solutions, concentrations varied from 3 to 200 mg.L-1. In the next step we 
adjusted pH, the previous results indicate that a pH of 4 is most suitable for BSA adsorption. The suspension 
was put into a thermostatic bath at four different temperatures (22 oC, 28 oC, 34 oC and 40 oC) and the flasks 
were constantly shaken. The experiments proved that an 8 hour period is needed to reach equilibrium. 

The fact that the adsorption of BSA on nanoceria was carried out at four different temperatures allows us to 
calculate the thermodynamic parameters. From the dependence of the equilibrium constant (Kc

0) on 
temperature, the change in the adsorption enthalpy (ΔHads) and adsorption entropy (ΔSads) can be determined.   

ln 퐾 = − ∆ . + ∆           (1) 
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The change in Gibbs free energy (ΔGads) can be calculated from the following well-known equation: 

∆퐺 = ∆퐻 − 푇. ∆푆           (2) 

For the kinetics study, the experiments were carried out at a temperature of 22 oC with a constant shaking 
speed and a medium pH of 4.0. 10 mL of the BSA solution with an initial concentration of 200 mg.L-1 and 10 
mg CeO2 was agitated until the adsorption equilibrium was reached. Samples were pipetted out at different 
time intervals for BSA assay. After that, different kinetic equations were used for modelling the kinetics of BSA 
adsorption. Two kinetic models were used to explain the mechanism of the adsorption processes. The pseudo-
first-order kinetic model is given by the Lagergren equation [5, 6]: 

푙표푔(푎 − 푎 ) = −
,

푡 + 푙표푔푎           (3) 

where ae and at are the amounts of BSA adsorbed (mg.g-1) at equilibrium time and any time t (hour), 
respectively, and k1 is the rate constant of adsorption (min−1). The plot of log (ae − at) versus t gives a straight 
line for the first-order adsorption kinetic which allows computation of the rate constant k1.  

The pseudo-second-order model based on equilibrium adsorption is expressed as [5, 6]: 

= +             (4) 

where k2 is the pseudo-second-order rate constant (g.mg−1.min−1). The equilibrium adsorption capacity (ae) 
and the model constants (k2) can be determined experimentally from the slope and intercept of plot t/at 
versus t.  

3. RESULTS AND DISCUSSION  

3.1. Adsorption of BSA onto nanoceria and zeta potential 

Table 1 summarizes the results of the adsorption experiments and zeta potential measurments. These 
measurements were carried out at a temperature of 295.15 K and at different pH values. The adsorption 
isotherms proved to be consistent with the Langmuir model as deduced from the calculated r-square value, 
which is closer to 1 in comparison with the Freundlich results. As mentioned, parameter b (binding constant or 
adsorption equilibrium constant) is sometimes used as a reaction equilibrium constant and thermodynamic 
parameters are calculated. For example, Gibbs free energy using the following equation: 

∆퐺 = −푅푇. 푙푛퐾            (5) 

The binding constant values of our measured and calculated isotherms are lower than 1 (Table 1), it means 
that logarithm will be negative. Such values of binding constants will be resulted to positive value of Gibbs free 
energy. Experience and many experiments indicate that adsorption of BSA is mostly a spontaneous process, 
the determined value of Gads is negative [5-9]. With the fact that the equilibrium constant should be 
dimensionless, we used a different way in which to determine the thermodynamics parameters. 

Table 1 Langmuir and Freundlich data obtained from the adsorption measurements and values of the zeta 
              potential 

 Langmuir Freundlich Zeta potential  

pH 
am 

(mg.g-1) 
b 

(L.mg-1) 

Theoretical 
calculate 
isotherm 

R2 R2 k 
(mg.g-1) 

/(mg.L-1)n 

n CeO2 

(mV) 
BSA 
(mV) 

CeO2+ 
BSA 
(mV) 

4 107 0.14 a=14.58 x ce/(1+0.14 x ce) 0.99 0.92 10.93 0.59 16 10 13 

6 93 0.06 a=5.35 x ce/(1+0.0.06 x ce) 0.99 0.94 5.29 0.67 5 -16 -15 

8 60 0.09 a=4.10 x ce/(1+0.0.09 x ce) 0.98 0.89 4.62 0.58 -14 -34 -24 
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Adsorption capacity and zeta potential values are strongly dependent on the pH of the suspension. The data 
in Table 1 show that a pH value increase leads to a reduction in the zeta potential, and at the same time to a 
reduction in the adsorption capacity of cerium oxide nanoparticles. BSA is preferentially adsorbed onto the 
positively charged surface of the cerium oxide nanoparticles. Adjusting pH is one way to modify the surface of 
nanoparticles and thus affect their adsorption capacity for proteins. Albumin adsorption on the surface of 
nanoparticles is affected by two main factors. The first is the size and shape of the protein at a certain pH. The 
second important factor is the surface charge of nanoparticles and proteins. The highest amount of BSA 
macromolecules gets adsorbed at pH 4, such pH of the solution not being far off the BSA isoelectric point (4.7). 
Under these conditions, the net charge of the macromolecules is slightly above zero-the number of positive 
groups is higher probably due to the adsorption of hydrogen ions from hydrochloric acid. The zeta potential of 
cerium oxide nanoparticles is also positive (see Table 1). The reciprocal electrostatic repulsions between a 
solid surface and BSA macromolecules are not so strong and albumin is adsorbed on the nanoparticles’ 
surface via the hydrophobic parts of the molecule. At isoelectric point, the BSA shows a highly compressed 
structure and the size (hydrodynamic radius) of the macromolecule is smaller than at pH six or eight. Charges 
(CeO2 and BSA) and conformation of BSA allow the adsorption of its maximum amount and the formation of a 
consistent film. The higher adsorption level at pH 6 compared to pH 8 is again a result of different BSA 
conformation and surface charges. Increase in pH causes growing BSA hydrodynamic radius, and secondly, 
due to the adsorption of hydroxide ions the values of the zeta potential are negative. The absorption on the 
nanoceria surface changes its zeta potential over the whole pH range. When the adsorption process is 
completed the adsorbate masks the adsorbent charge and the cerium oxide surface exhibits properties typical 
of BSA. A similar behaviour was also observed during interaction between BSA and silicon dioxide [10] or 
between BSA and chromium (III) oxide [11]. 

3.2. Thermodynamics and kinetics 

Table 2 Pseudo-first-order and pseudo-second-order kinetic parameters for adsorption of BSA by cerium  
   oxide nanoparticles. 

 Pseudo-first-order constant  Pseudo-second-order constant 

conditions 
k1 

(10-3 min-1 ) 

ae 

(mg.g-1) 
R2  R2 

k2 

(10-3  g mg−1 min−1) 

ae 

(mg.g-1) 

pH 4, 295 K, 200 mg.L-1 
BSA, 10 ml, 10 mg CeO2 

5.26 28.79 0.90  0.99 9.88 109.15 

Previous studies [5, 6, 12, 13] show that adsorption of BSA onto various adsorbents is mostly described as a 
process of the pseudo-second order. In our study we compared only two popular kinetic models, pseudo-first-
order and pseudo-second-order kinetic models. From Table 2 we can see that the calculated linear regression 
correlation coefficient (R2) is closer to one in the case of pseudo-second-order model. The calculated values 
of the adsorption amount also agree better with experimental data (Table 1). These results indicate that the 
adsorption of BSA on cerium oxide followed pseudo-second-order kinetics. 

Finally, the thermodynamics parameters enthalpy, entropy and free Gibbs energy were calculated. Firstly, we 
used the following relation to determine the equilibrium constant (distribution coefficient): 
퐾 =              (6) 

Kc values at different temperatures were determined from the graphs plotted ln(ae / ce) versus ae and 
extrapolation of ae to zero [14-16]. As constant Kc

0 was used and from the slope and intercept of the Van´t Hoff 
equation changes of enthalpy and entropy were calculated. The change in Gibbs free energy was determined 
for all temperatures.  
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Table 3 Langmuir data obtained from the adsorption measurements and values of thermodynamics  
 parameters 

 Langmuir constants  Thermodynamics 

T (K) am 
(mg.g-1) 

B 
(L.mg-1) 

 ΔGads  
(kJ.mol-1) 

ΔHads  
(kJ.mol-1) 

ΔSads  
(J.mol-1.K-1) 

295.15 107 0.14  -2.60 

5.31 26.80 
301.15 121 0.14  -2.76 

307.15 124 0.17  -2.92 

313.15 114 0.19  -3.08 

Meanwhile, an increase in temperature up to 307.15 K deals with an increase in the immobilization capacity 
of BSA adsorption at equilibrium, suggesting that the system followed an endothermic process. This idea is 
also supported by the positive value of adsorption enthalpy (Table 3). A slightly different behaviour was seen 
in the case at a temperature of 313.15 K. At this temperature, adsorption capacity decreased. We assume that 
there are changes in the structure of the BSA molecules. Higher temperature causes the denaturation of 
proteins and affects its conformation. Thermal denaturation and structural changes in BSA have already been 
published. The helicity of the protein sharply decreased with a rise in temperature beyond 30 °C [17]. It is 
obvious that the adsorption of BSA on cerium oxide is an endothermic (positive values of ΔHads) and 
spontaneous (negative values of ΔGads) process. The positive value of change in entropy then corresponds 
with the increasing randomness at the solid - liquid interface during the adsorption. 

CONCLUSIONS 

Linear regression confirmed that the adsorption of BSA on cerium oxide nanoparticles can be described by 
the Langmuir model while the kinetics can be expressed by the pseudo-second order. The corresponding 
thermodynamic data were calculated to give the Gibbs free energy, enthalpy and entropy of the adsorption. 
The overall adsorption process was endothermic and spontaneous in nature. The results show that the effects 
of pH and temperature are very important. pH strongly influences the zeta potential of BSA and the zeta 
potential of cerium oxide nanoparticles, respectively. Temperature affects the conformation of BSA, and the 
kinetic and thermodynamic equilibrium of the adsorption process. Maximum adsorption capacity was found 
near the isoelectric point of BSA at a temperature of 34 °C. 
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Abstract  

The antibacterial effect of thin films TiO2:SiO2:Ag on two Gram-negative bacteria Escherichia coli and 
Pseudomonas putida was investigated. The thin films were deposited on glass substrates without heating by 
r.f. magnetron co-sputtering of TiO2 target with small plates of quartz and Ag on its surface in the zone with 
maximum erosion. The total area of quartz plates was 750 mm2 and the area of Ag plates was 40 mm2 and 
100 mm2. High resistant industrial strain E.coli (ATCC 10536) and sensitive P. Putida (ATCC 12633) with an 
ability to form biofilm were chosen for the test. Three experimental techniques were used to estimate the 
antibacterial activity: classical Koch’s method, optical density measurements, and dehydrogenase activity 
inhibition. The bacteria were cultivated on the studied thin films in a liquid nutrient medium for 24 h without 
agitation. Complete deactivation of the bacterial growth was observed between the 1st and the 4th hours from 
the beginning of the experiment. The destruction of the bacterial cells was registered by scanning electron 
microscope. The developed thin films have a potential for application as antibacterial coating for different 
medical devices and surfaces.  

Keywords: TiO2:SiO2:Ag thin films, bactericidal effect, gram-negative bacteria 

1. INTRODUCTION  

The use of conventional disinfection products and methods have no desired effect in the hospitals and medical 
devices fail in many cases [1]. Recently, it is observed an increased interest in the application of 
nanocomposite materials as antibacterial surfaces, which combine mechanical stability and biocompatibility. 
Different nanomaterials have multi-targeted mechanism of action on various microorganisms, which are 
danger for the human health. Contemporary industrial technologies in material production provide control of 
nanostructured dimensions and surface morphology of nanomaterials with antibacterial activity [2,3].  

TiO2 is a widely used for scientific studies and it finds an application in different fields, like modern oral implants, 
textile impregnation, ect. [3, 4, 5]. The properties of TiO2 could be improved through introduction of suitable 
metals in the structure of TiO2 [6-7]. In addition, the presence of dopant could increase the adhesion and 
mechanical stability of the thin film on substrates which play a key role in device reliability [8]. Silver doped 
TiO2 was extensively studied due to its wide applications in environmental remediation, catalytic oxidation 
reactions,antimicrobial protection etc. [9-10].   

Eker et al., studied TiO2 coated plexiglass surface and observed bacterial reduction of 25% and 48% after 1h 
and 2h illumination,respectively. The reduction was increased up to 68% at Ag-TiO2 coated plexiglass, 
evidently due to the presence of Ag. These results indicate that such Ag-TiO2 thin film could be of interest for 
antimicrobial protection of  incubators by plexiglass [11]. 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

444 

Rilda et al., [12] prepared TiO2-SiO2 coated cotton textile by cross-linking with an acrylic acid compound. The 
clusters of TiO2-SiO2 were modified by different Ti: Si molar ratios of compositions. The best self-cleaning 
effect of the coated cotton was achieved at Ti: Si molar ratio of 1:2.  

As far as we know, no studies of thin films TiO2:SiO2 :Ag obtained by magnetron co-sputtering were conducted. 
The magnetron sputtering is considered as one of the most effective processes for the deposition of a wide 
range of thin films [13-14]. Therefore the aim of this investigation was the magnetron co-sputtering preparation 
of TiO2:SiO2:Ag thin films with different Ag content and evaluation of antibacterial activity.  

2. MATERIALS AND METHODS 

Preparation of thin films: The thin films were deposited on glass substrates without heating by r.f. magnetron 
co-sputtering of a TiO2 target (99.99 % purity and diameter of 100 mm, supplied by Kurt J. Lesker Company) 
with small plates of quartz and Ag on its surface in the zone with maximum erosion. The total area of quartz 
plates was 750 mm2 and the areas of Ag plates were 40 mm2 and 100 mm2 in two different kinds of samples. 
The thickness of the films measured with Taylor Hobson profilometer was about 100 nm and 200 nm. 

Microorganisms: The microorganisms for this study: E. coli ATCC 10536 and Pseudomonas putida ATCC 
12633 were supplied by the National Bank for Industrial Microorganisms and Cell Cultures (NBIMCC). 

Antimicrobial activity: The bacterial growth was conducted in six-well plates. Optical density and survived 
cells were determined in different time points as it was described earlier [15]. TTC (triphenyl tetrazolium 
chloride) and INT (Iodonitrotetrazolium chloride) were used as electron acceptors to measure metabolic 
inhibition [16].  

Atomic Flame Absorption Spectrometry (Perkin Elmer Analyst 400) was used for determination of Ag in the 
cultural liquid and control medium. The total metal content (nanoparticles and ions) was determined at the 24th 
h of the experiment. 

Scanning Electron Microscope, JOEL model JSM 5510 (Japan) was used for observation of the bacterial 
surface morphology on the thin films.  

3. RESULTS AND DISCUSSION 

The complete inactivation of the Gram-negative pathogen, E. coli is presented in Figure 1 (A and B). The 
inhibition of the bacterial growth was observed by the Koch’s method (Figure 1A) and optical density  
(Figure 1B). 

A      B 

Figure 1 Growth of E. coli with (red line) and without TiO2:SiO2:Ag (Ag area of 40 mm2) and 100 nm thin 
films (blu line) presented by lgCFU/ml (A) and optical density measurements (B) 
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The loss of viability of E. coli was established at the second hour from the beginning of the experiment, as can 
be seen from Figure 1. The thin film (SAg=40mm2; thickness - 100nm) was characterized with fast dissolution 
of Ag atoms in the nutrient medium and this fact could explain the values of the measured optical density in 
the sample. The dissolved nanoparticles and ions cause a rapid bactericidal effect on industrial  
E. coli. The effect of the same thin films on the P. putida is presented in Figure 2A and 2B. In this case, slower 
bactericidal effect (till the 4th hour) and no survived cells after 24th h were observed. 

A B 

  

Figure 2 Growth of P. putida with (red line) and without TiO2:SiO2:Ag (Ag area of 40 mm2) and 100 nm thin 
films (blu line) presented by decimal logaritm of CFU/ml (A) and optical density measurements (B) 

Thin films obtained through co-sputtering of films at 100 mm2 total area of Ag and with thickness of 200 nm, 
demonstrated bactericidal effect on E.coli at the first hour after the treatment (Figure 3).  

A B 

  

Figure 3 Growth of E. coli with (red line) and without TiO2:SiO2:Ag (Ag area of 100 mm2) and 200 nm thin 
films (blu line) presented by lg CFU/ml (A) and optical density measurements (B) 

The same material caused bactericidal effect on P. putida in the 1st hour of the exposition according to Koch’s 
method (Figure 4A) and in the 2nd h by the optical density measurements (Figure 4B).  
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A    B  

Figure 4 Growth of P. putida with (red line) and without TiO2:SiO2:Ag (Ag area of 100mm2) and 200nm thin 
films (blu line) presented by lgCFU/ml (A) and optical density measurements (B) 

It is clear from the graphs that both thin films have a similar bactericidal effect on E. coli. The other selected 
test bacteria - natural isolate P. putida was characterized with a higher sensitivity to nanosized material with a 
layer thickness of 200 nm and a silver area of 100 mm2. In this case the bactericidal effect was observed at 
the 1st h.  

A      B   

C       D  

Figure 5 The images of the tested bacterial cells by Scaning Electron Microscope (A) and (B) - E. coli on 
100nm thin film TiO2:SiO2:Ag; (B)- Magnified image of the marked area in 5 A; (C) - P. putida on the 100 nm 

thick and (D) - P. putida on the 200 nm thick TiO2:SiO2:Ag thin film 
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The micrograph images show an extended form of the bacteria, probably due to the fact of membrane and 
important macromolecules damages that hinder cell division.   

The dark zones around the cells of E. coli (Figure 5A and 5B) are cell content leakages burned by the electron 
beam or organic nutrient medium. The samples were not washed before drying. In contrast,  
P. putida was characterized by morphological destruction only, as it was cultivated in synthetic nutrient 
medium. This fact suggested the different mechanism of thin films action on the tested bacteria. The toxic 
effect was confirmed by an assessment of the bacterial dehydrogenase activity. As it’s well known this activity 
is a proof of normal cell metabolism and its inhibition is due to a destruction of the bacterial cell wall and 
membrane. At the control (bacteria without thin films) was established dehydrogenase activity in a range of 
0.048 FNU for E. coli and 0.01 FNU for P. putida respectively. In presence of both thin films (100 and  
200 nm thickness) no dehydrogenase activity was detected.  

The established concentration of Ag (nanoparticles and ions) in control and sample was measured by Atomic 
flame Absorption Spectrometry. The values for the blank control (organic and synthetic nutrient media with a 
thin film without bacteria) were determined as 1.3 mg/L Ag for a 100 nm thin film in the organic nutrient medium 
and as 4.2 mg/L in the synthetic nutrient medium. The difference is due to the slightly acidic pH of synthetic 
nutrient medium for Pseudomonas medium. In the presence of E. coli and P. putida the dissolved total Ag 
were 0.95 mg/L and 1.65 mg/L respectively. Obviously the difference in the silver content in the control without 
bacteria and in sample with bacteria is due to bacterial absorption. 

In the case of 200 nm thin film, the value for the blank control was determined as 4.3 mg/L in the organic 
nutrient medium and 4.6 mg/L in the synthetic nutrient medium. The same thin films in the presence of E. coli 
and P. putida demonstrated dissolution of 3.4 mg/L and 3.8 mg/L respectively. 

4. CONCLUSION 

Different inhibition of the bacterial growth on TiO2: SiO2: Ag thin films with different content of Ag and layer 
thicknesses (100 nm and 200 nm) was observed. The reaction of bacteria to the thin films was specific and 
dependent on their taxon. Both bacteria, E. coli and P. Putida, were killed in a short time. Considering that the 
used strains are more resistant than pathogenic ones, one could suggest the possible use of thinn films for 
antibacterial surface coatings.  

ACKNOWLEDGEMENTS  

Sofia University Scientific Fund (project 80-10-12/12.04.2017 and BG05M2OP001-2.009-0013) and 
Bulgarian National Scientific Fund (grand DCOST 01/14/08.12.2016) are gratefully acknowledged for 

the financial support of this investigation performed in the frame of COST Action TD 1305 "Improved 
Protection of Medical Devices Against Infections". 

REFERENCES 
[1] ÖZKALELİ, M., ERDEM, A. Factors promoting Staphylococcus aureus disinfection by TiO2, SiO2 and Ag 

nanoparticles. The Online Journal of Science and Technology, 2017, vol. 7, no. 2, pp. 51-55. 

[2] ALLAHVERDIYEV, A. M., ABAMOR, E. S., BAGIROVA, M., RAFAILOVICH, M. Antimicrobial effects of TiO2 and 
Ag2O nanoparticles against drug-resistant bacteria and leishmania parasites. Future Microbiol., 2011, vol. 6, pp. 
933-940. 

[3] LEE, J-K., CHOI, D-S., JANG, I., CHOI, W-Y. Improved osseointegration of dental titanium implants by TiO2 
nanotube arrays with recombinant human bone morphogenetic protein-2: a pilot in vivo study. Int J 
Nanomedicine, 2015, vol. 10, pp. 1145-1154. doi: 10.2147/IJN.S78138  

[4] YURANOVA, T., LAUB, D., KIWI, J. Synthesis, activity and characterization of textiles showing selfcleaning 
activity under daylight irradiation Catal. Today, 2007, vol.122, pp. 109-117. 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

448 

[5] ZILLE, A., ALMEIDA, L., AMORIM, T., CARNEIRO, N., ESTEVES, M. F., SILVA, C. J., SOUTO, A.P. Application 
of nanotechnology in antimicrobial finishing of biomedical textiles. Materials Research Express 1, 2014, 032003 
2053-1591/14/032003+38$33.00  IP Address: 193.137.16.114 

[6] DHANAPANDIAN, S., ARUNACHALAM, A., MANOHARAN, C. Highly oriented and physical properties of sprayed 
anatase Sn-doped TiO2 thin films with an enhanced antibacterial activity. Applied Nano Science. 2016, vol.6, no. 
3, pp. 387-397. 

[7] ZALESKA, A. Doped-TiO2: A Review. Recent Pat. Eng., 2008, vol. 2, pp.157−164. 
[8] SIKONG, L., DAMCHAN, J., KOOPTARNOND, K., NIYOMWAS, S. Effect of doped SiO2 and calcinations 

temperature on phase transformation of TiO2 photocatalyst prepared by sol - gel method. Songklanakarin Journal 
of science and Technology, 2008, vol. 30, no. 3, pp. 385-391.  

[9] ZIELINSKA, A., KOWALSKA, E., SOBCZAK, J. W., LACKA, I., GAZDA, M., OHTANI, B., HUPKA, J., ZALESK, A. 
Silver-Doped TiO2 Prepared by Microemulsion Method: Surface Properties, Bio- and Photoactivity. Sep. Purif. 
Technol., 2010, vol. 72, pp. 309−318. 

[10] KREJCIKOVA, S., MATEJOVA, L., KOCI, K., OBALOVA, L., MATEJ, Z., CAPEK, L., SOLCOVA, O. Preparation 
and Characterization of Ag-Doped Crystalline Titania for Photocatalysis Applications. Appl. Catal. B, 2012, vol. 
111−112, pp.119−125. 

[11] EKER, Y. R., ARSLAN, Y., KACMAZ, B., SULTAN, N., OKUYUCU, H. Antibacterial Behavior of TiO2 and TiO2/Ag 
Coated Plexiglas. In: ISITES 2014 Karabuk - TURKEY, pp.1867-1877. 

[12] RILDA, Y., FADHLI, F., SYUKRI, S., ALIF, A., AZIZ, H., CHANDREN, S., NUR, H. Self-cleaning TIO2-SIO2 

clusters on cotton textile prepared by dip-spin coating process. Jurnal Teknologi (Sciences & Engineering), 2016, 
vol. 78, no. 7, pp.113-120.  

[13] MUSIL, J., BAROCH, P., VIČEK, J., NAM, K.H., HAN, J.G. Reactive magnetron sputtering of thin films: Present 
status and trends. Thin Solid Films, 2005, vol. 1-2, pp. 208-218. 

[14] KELLY, P.J., ARNELL, R.D. Magnetron sputtering: A review of recent developments and applications. Vacuum, 
2000, vol. 56, pp.159-172. 

[15] ANGELOV, O., STOYANOVA, D., IVANOVA, I. Antimicrobial effect of TiO2 doped with Ag and Cu on Escherichia 
coli and Pseudomonas putida. Journal of Physics: Conference Series 764, 2016, 
http://iopscience.iop.org/article/10.1088/1742-6596/764/1/012014/pdf. 

[16] VON MERSI, W., SCHINNER, F. An improved and accurate method for determining the dehydrogenase activity 
of soils with iodonitrotetrazolium chloride. Biol. Fertil. Soils., 1991, vol. 11, pp. 216-220. 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

449 

NANODIAMONDS AS AN INNOVATIVE SYSTEM FOR INTRACELLULAR DELIVERY 
OF miRNA-34a IN PROSTATIC CANCER THERAPY 

BITTI Giuseppe1,2, ABATE Marianna2,4, NEUHÖFEROVÁ Eva3, KINDERMANN Marek3, 
PETRÁKOVÁ Vladimíra3, BOCCELLINO Mariarosaria2, QUAGLIUOLO Lucio2, FILOVA Eva4, 

BENSON Veronika3, CARAGLIA Michele2 , AMLER Evzen4 

1Charles University, Second Faculty of Medicine, Prague, Czech Republic, EU 
2University of Campania “Luigi Vanvitelli“, Department of Biochemistry, Biophysics and General Patology, 

Napoli, Italy, EU 
3Institute of Microbiology, Czech Academy of Sciences, Prague, Czech Republic, EU 

4Institute of Experimental Medicine, AS CR,Laboratory of Tissue Engineering, Prague,  
Czech Republic, EU 

Abstract  

The microRNA(miRNA)-34a is an important regulator of tumor suppression. It controls the expression of 
several target proteins involved in cell cycle, differentiation and apoptosis, and antagonizes processes that are 
necessary for basic cancer cell viability as well as cancer stemness, metastasis, and chemoresistance. It is 
downregulated in numerous cancer types, including prostatic cancer, and inhibits malignant growth by 
repressing genes involved in various oncogenic signaling pathways. Given the anti-oncogenic activity of miR-
34a, here we proved the substantial benefits of a new therapeutic concept based on nanotechnology delivery 
of miRNA mimics. In order to monitor the miRNA-34a replacement, we used a fluorescent nanodiamond 
particles (FND) system with linked miRNA-34a mimic, which was delivered to PC3 and DU145 prostatic cancer 
cell lines. We used functionalized nanodiamonds coated with polyethylenimine to transfer miRNA-34a into PC3 
and DU145 prostatic cancer cell lines and we measured the zeta-potential of these complexes before using 
them for in vitro experiments. A replacement of miRNA-34 was observed by monitoring levels of miRNA-34 
via real-time PCR. Moreover, our in vitro experiments demonstrated that miRNA-34a replacement, using this 
FND delivery system, decreased viability and induced apoptosis in prostatic cancer cell lines. Our findings 
suggest the replacement of oncosuppressor miRNA-34a provides an effective strategy for cancer therapy and 
the FND-based delivery systems seems to be an excellent strategy for a safe and effective targeting of the 
tumor. 

Keywords: miR-34a, nanodiamonds, delivery, prostate cancer, apoptosis 

1. INTRODUCTION  

1.1. The microRNA-34a 

MicroRNAs are a class of short, single non-coding RNAs (19-22 nt), that have been identified in many 
eukaryotic organisms. They can prevent protein expression through cleavage of specific target mRNAs or 
through inhibition of their translation and may conceivably play a key role in tumorigenesis [1]. Some of miRNA 
molecules are associated with tumor proliferation and their level is increased inside cancer cells in comparison 
to healthy cells. Those miRNAs which contribute to carcinogenesis by inhibiting tumor suppressor genes, are 
considered oncogenic miRNAs (oncomiRs), while downregulated miRNAs, that normally prevent cancer 
development by inhibiting the expression of proto-oncogenes, are known as tumor suppressor miRNAs [2]. 
We focused on miRNA-34a, for which it was proved a decreased level in samples from patients with prostate 
cancer [3]. MiR-34a may exert its tumor suppressor role via targeting several signaling molecules involved in 
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various stages of prostate cancer progression. DNA damage and oncogenic stress strongly induced miR-34 
expression in a p53-dependent pathway. The distinctive features of p53 activity are promoted by miR-34 
activation: induction of cell cycle block and apoptosis through down-regulation of different proteins [4]. Given 
the miR-34 family role as tumor suppressor in cancer, we tried to increase the levels of miR-34a in prostate 
cancer cell lines through replacement with miRNA mimics transfected by in vitro experiments using 
nanodiamonds as a delivery system. 

1.2. Nanodiamonds 

The possible use of nanoparticles for diagnostic and therapeutic applications has always been very appealing. 
The increased interest about their usage with the increased presence of nanomaterials in commercial product 
has raised concerns about its potential environmental pollution and toxicity effects [5]. Nanodiamonds (NDs) 
are carbon based nanostructures with a nanoscale size (tens to hundreds of nanometers). Given the small 
size of the individual nanodiamond particles, the ratio of their surface to their volume is much greater than 
within the large diamonds. That means that they can be abundantly coated with numerous functional 
molecules. Their size is also suitable for transportation of molecules into the cell cytoplasma. Moreover, 
biocompatibilty of nanodiamonds has been studied under various conditions and so far nanodiamonds are 
considered to be non-toxic and highly biocompatible, even though no rigorous clinical trials have been done 
yet and the questions of expulsion of nanodiamonds or their possible accumulation in organs remain to be 
answered. The use of so-called high-pressure high-temperature (HPHT) nanodiamonds has opened a 
possibility to track the transfection directly using engineered fluorescent nitrogen-vacancy (NV) centers. NV 
centers in nanodiamonds are widely used for fluorescence-based detection techniques because they provide 
photostable luminescnece with emission near-infrared spectra and lack any photoblinking [6]. These properties 
have been utilized in a vast range of applications, from physics to biological applications such as single particle 
tracking inside cells or long-term in vivo particle tracking [7]. Finally, the HPHT fluorescent nanodiamonds 
surface is negatively charged upon oxidation, and strongly binds the prototypical transfection reagent 
polyethylenimine (PEI) for delivery of biomolecules as miRNAs. 

2. METHODS 

PC3 and DU145 prostate cancer cell lines were maintained in RPMI1640 and DMEM media respectively 
supplemented with 10 % of fetal bovine serum and 1 % of antibiotics. MicroRNA-34a mimic and a scrambled 
microRNA (scr) as a negative control were delivered into the cells using NDs-PEI and RNAiMAx lipofectamine 
as a standard transfection reagent (Tr.re.) in order to compare two different types of transfection methods. 
Prior to use, the nanodiamonds were dissolved in water and sonicated with a probe for 30 min. The resulting 
transparent colloid was filtered using a 0.2 μm PVDF microfilter. Nanodiamonds diluted in water were coated 
with 0.09 mg/mL of polyethylenimine (PEI 800) adding the same volume of both solutions. The mix was 
vortexed overnight, after which the solution was centrifuged in 9000 g for 30 min to create a ND-PEI pellet. 
This pellet was diluted in RNAse/DNAse free water to reach a final concentration of 1 mg/µL. To link microRNA 
we mixed 12.5 µL of 1 mg/µL ND-PEI with 5 µL of miRNA-34a and scrambled miRNA. In order to evaluate the 
electrokinetic surface potentialpure NDs, ND-PEi and ND-PEI-miRNA34a, zeta potential measurements were 
recorded with a Zetasizer NANO ZS system (Malvern Instruments). Cells were maintained in vitro for all the 
experiments. Cells were seeded in 96-well plates in order to evaluate cytotoxicity using LDH assay after a 48 
hrs incubation after treatment and cell proliferation was evaluated using WST-1 assay after 48 and 72 hrs 
incubations. Cells were seeded in 12-well plates and after 48 and 72 hrs incubations total RNA was isolated. 
Those RNA samples were used to perform real-time PCR in order to evaluate the expressions levels or miRNA-
34 and RNU44 as a control housekeeping gene. Finally, cells were seeded in 12-well plates and after 48 and 
72 hrs incubations they were tested to perform flow cytometry analyses in order to evaluate the apoptotic and 
necrotic populations using an Annexin V-Propidium iodide double staining assay. Double negative cells were 
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viable, propidium iodide positive cells were necrotic, Annexine V positive cells were in early apoptosis and 
double positive cells were in late apoptosis. 

3. RESULTS AND DISCUSSION 

3.1. Zeta-potential 

In order to demonstrate the charge changes on NDs particles, we measured the zeta-potentials of the 
individual complexes. The negative zeta potential of uncoated NDs (−27.9 mV) became positive after coating 
with PEI (+49.3 mV). Binding of microRNA-34a led to restoration of negative zeta potential (−24.3 mV). These 
results prove our assumption that the PEI positive charge is compensated by microRNA binding. 

3.2. Evaluation of NDs cytotoxicity 

 
Figure 1 Cytotoxicity analyses in PC3 cell line (A) and DU145 cell line (B) 

In order to evaluate the possible cytotoxic effect of NDs, we treated PC3 and Du145 cell lines with miRNA-34a 
and scramble miRNA using ND-PEI complexes and RNAiMax (Tr.re.) as transfection methods and, after 48 
hrs incubation, LDH assays were performed. Control samples were obtained from non-treated cells, and 
positive control samples were obtained treating cells with lysis solution at the end of incubation period. We 
observed no significant cytotoxic effects in samples treated with NDs in both prostate cancer cell lines. 
Moreover, ND-PEI samples results were similar to non-treated samples and to samples treated with the 
standard transfection reagent (Figure1). 

3.3. Evaluation of cell proliferation 

WST-1 assay was performed in order to evaluate cell proliferation in PC3 and DU145 treated with miRNA-34a 
and scramble miRNA transfected using ND-PEI complexes and standard transfection reagent. Absorbance 
measurements were recorded 48 and 72 hrs incubations of treatment and control samples were obtained from 
non-treated cells. We evaluated percentage of cell proliferation normalizing the absorbance results obtained 
from each samples with control samples (100 %). We observed a decrease of cell proliferation in both cell 
lines in samples treated with ND-PEI-miRNA34a with results similar to samples treated with the standard 
transfection reagent. The most significant difference was in PC3 cell line after 72 h incubation (Tr.re. + miRNA-
34a = 71 %, ND-PEI-miRNA34a = 66 %) (Figure 2). 
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Figure 2 Cell proliferation analysis in PC3 cell line (A) and DU145 (B) cell line 

3.4. Detection of miRNA-34a expression 

After 48 and 72 hrs incubations after treatment with miRNA-34a and scramble miRNA transfected with both 
transfection methods, we isolated total RNA and subsequently we performed Real-time PCR in order to 
evaluate gene expressions of miRNA-34a. We observed a significant increase of miRNA-34a expression levels 
in the samples treated with ND-PEI complexes with values higher than the values from samples treated with 
the standard transfection reagent. In DU245 cell line, the replacement of miRNA-43 levels was more successful 
after 48 hrs of incubation. Results were normalized using RNU44 as a control housekeeping gene (Figure 3). 

 
Figure 3 Real-Time PCR analysis od miRNA-34 expression in PC3 cell line (A) and DU145 cell line (B) 

3.5. Apoptosis analysis  

Flow cytometry analysis was performed to evaluate apoptosis in PC3 and DU145 cell lines after 48 and 72 hrs 
incubations from the treatment with miRNA-34a and scramble miRNA transfected with ND-PEI and the 
standard transfection reagent. We used Annexin V-Propidium Iodide double staining method in order to 
separate viable cells, necrotic cells and apoptotic cells. In PC3 cell line we observed a higher increase  
(49 %) of early and late apoptotic populations in the sample treated with ND-PEI-miRNA34a after 48 and 72 
hrs incubations, while the samples treated with the standard transfection reagent showed a slight increment 
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only in the late apoptotic population (48 hrs =36 %, 72 hrs = 26 %). However, in the DU145 cell line we 
observed only a slight increase (30 %) of early apoptotic population in ND-PEI samples compared to Tr.re. 
samples (13 %) after 48 hrs incubation (Table 1, Figure 4). 

Table 1 Percentages of viable (V) and apoptotic (A, early and late) population cell populations 

% Control Tr. re. Tr. re.+ 
scramble 

Tr. re. + 
miRNA34a 

ND-PEI ND-PEI + 
scramble 

ND-PEI + 
miRNA34a 

Population V A V A V A V A V A V A V A 

PC3 48 h 83 10 51 23 54 19 51 36 51 20 55 23 30 49 

PC3 72 h 84 8 53 31 62 30 66 26 58 19 64 12 37 49 

DU145 48 h 84 5 68 16 71 10 63 13 68 5 64 5 42 30 

DU145 72 h 74 11 60 27 57 12 63 25 62 10 65 10 55 25 

 

Figure 4 Apoptosis analysis in PC3 and DU145 cell lines.  
Abscissa = Annexin V and ordinate = Propidium Iodide. 

4. CONCLUSION 

Our scientific goal was to compare the transfection efficiency between a nanodiamonds-based system and 
standard transfection reagent in order to delivery miRNA-34a, a well known tumor suppressor miRNA, into 
prostate cancer cell lines. We prepared nanodiamonds coated with PEI in order to make positive charged 
complexes able to bind miRNA-34a mimic. The success of the PEI coating and the miRNA binding was proved 
measuring zeta-potential of each complexes. We performed in vitro experiments treating PC3 and DU145 
prostate cancer cell lines with ND-PEI complexes and a lipofectamine transfection reagent in order to transfect 
miRNA-34 mimic. LDH assay was performed and no significant cytotoxicity was showed in the samples treated 
with ND-PEI-miRNA34a. Moreover, using WST-1 assay, we observed a significant decrease in cell 
proliferation in samples treated with ND-PEI-miRNA34a, especially in PC3 cell line and after 72 h incubation. 
However using Real-time PCR, we observed in both cell lines a very significant increase of miRNA-34a levels 
in samples treated with ND-PEI-miRNA34, demonstrating a better replacement of miRNA-34a levels when 
transfected with nanodiamonds. Because it is known that a replacement of miRNA-34a can induce apoptosis, 
we performed a flow cytometry analysis. In samples treated with ND-PEI-miRNA34a we found a significant 
increase of the apoptotic cell population in PC3 cell line after 48 and 72 h incubatio and a slight increase of 
apoptotic cell population in DU145 cell line after 48 h incubation, Our preliminary results suggest that the ND-
based delivery systems seems to be a promising strategy to deliver miRNA-34a into prostate cancer in order 
to achieve a safe and effective targeting of the tumor cells regulation.  
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Abstract 

Photon-upconverting nanoparticles (UCNPs) have become an attractive label in immunoassays because their 
anti-Stokes luminescence can be excited by the NIR laser and detected in the VIS region without optical 
background interference. Further advantages of UCNPs include good photostability, large anti-Stokes shifts, 
and multiple narrow emission bands that can be used for multiplexed detection. We have developed a 
competitive upconversion-linked immunosorbent assay (ULISA) for detection of the pharmaceutical diclofenac 
(DCF) in surface waters. Silica-coated UCNPs (50 nm in diameter) with carboxyl groups on the surface were 
synthesized and conjugated with the secondary anti-IgG antibody. The structure and monodispersity of the 
nanoconjugates was studied by TEM and agarose gel electrophoresis. Using a highly affine anti-DCF primary 
antibody, the optimized ULISA provided a detection limit of 50 pg·mL−1. 

Keywords: Photon-upconversion nanoparticle, immunoassay, bioconjugation, antibody, diclofenac 

1. INTRODUCTION 

Photon-upconverting nanoparticles (UCNPs) are lanthanide-doped nanocrystals that show anti-Stokes 
emission. The energy transfer up-conversion is a nonlinear optical process characterized by the absorption of 
two or more photons and leading to the emission of a single photon at a shorter wavelength [1]. Upconversion 
has been known since the 1960s [2]; however, the applications were limited to bulk glass or crystalline 
materials [3]. An inorganic upconversion label contains a crystalline host and a dopant (typically lanthanide 
ions) added at a low concentration. The dopant provides luminescent centers, and the host lattice with its 
crystal structure ensures a matrix to bring these centers into optimal positions [4]. 

The recent progress in nanotechnology has evoked an increasing interest in the development of synthesis 
procedures, facilitating the preparation of highly efficient, small UCNPs with a narrow size distribution that can 
form transparent dispersions in various solvents [5]. Unlike commonly used luminescent biological labels (such 
as organic dyes and quantum dots), UCNPs are advantageous in many aspects; they are characterized by a 
practically zero autofluorescence background, large anti-Stokes shifts allowing easy separation of the 
excitation and detection channels, multiple and narrow emission bands tunable individually for the multiplexed 
detection of analytes [6]. The high photostability enables the use of very intense excitation power densities 
without photobleaching, which makes possible to detect a few or even a single UCNP [7]. 

The unique photophysical properties of UCNPs make them suitable as reporters in optical biosensors and 
biomolecular binding assays [8]. The potential of UCNPs in diagnostics was first demonstrated by Tanke et al. 
in 1999 [9]. Since then, several heterogeneous upconversion-linked immunosorbent assays (ULISAs) have 
been reported e.g. for the detection of cardiac troponin I [10], prostate specific antigen [11], or human chorionic 
gonadotropin [12]. The UCNPs were also used in homogeneous competitive immunoassays for the detection 
of small molecules such as estradiol [13] and folate [14]. Here, we present preparation of monodisperse and 
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stable upconversion reporters and their application for the detection of DCF in water samples; the contribution 
is in part based on our previous publication [15]. 

2. MATERIAL AND METHODS 

2.1. Chemicals and Reagents 

All standard chemicals and DCF sodium salt were obtained from Sigma-Aldrich (Germany). 
Carboxyethylsilanetriol sodium salt was obtained from ABCR GmbH (Germany). Horse anti-mouse IgG was 
purchased from Vector Laboratories (USA). The monoclonal anti-DCF antibody 12G5 was generated in mice 
using a DCF-thyroglobulin conjugate as described previously [16]. 

2.2. Synthesis of antibody-modified UCNPs 

The UCNPs of 42.5 ± 4.9 nm in diameter were synthesized by high-temperature coprecipitation [17] and coated 
by carboxyl-silica layer using reverse microemulsion method [18]. For the bioconjugation reaction, COOH-
UCNPs were first activated by 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) and N-
hydroxysulfosuccinimide (sulfo-NHS) for 30 min [15]. A dispersion of 100 μL of activated COOH-UCNPs 
(1 mg·mL-1) was mixed with 100 μL of horse anti-mouse IgG in 100 mM sodium borate buffer, pH 9.0. Different 
IgG concentrations were employed and incubated for 90 min at room temperature: 0.1; 0.02; 0.01 and 0.002 
μg·mL-1. The bioconjugates were centrifuged for 10 min at 4 000 g, dispersed in UCNP assay buffer (50 mM 
Tris, 150 mM NaCl, 0.05 % NaN3, 0.01 % Tween 20, 0.05 % bovine γ-globulin (BGG), 0.5 % bovine serum 
albumin (BSA), 0.2 % poly(vinyl alcohol) 6000 (PVA), pH 7.75) and sonicated for 5 min. 

2.3. Characterization of UCNPs 

Transmission electron microscopy (TEM) was performed on a Tecnai F20 (FEI, Netherlands). About 4 μL of 
UCNPs were deposited on a 400-mesh copper EM grid coated with a continuous carbon layer and negatively 
stained with 2 % (w/v) aqueous solution of uranyl acetate to increase the contrast of the silica shell. The 
hydrodynamic diameter and zeta potential of UCNP suspensions were determined on a Zetasizer Nano SZ 
(Malvern, U.K.). 

Agarose gel electrophoresis was used to further characterize the COOH-UCNPs and their bioconjugates; the 
electrophoresis conditions were 0.5 % w/v agarose, 45 mM Tris, 45 mM H3BO3 with pH 8.6, 15 min at 100 V. 
The UCNP samples were mixed in a ratio of 10:1 with 50 % w/w glycerol and 8 μL aliquots were loaded onto 
the gel. A custom-built upconversion reader (Chameleon multilabel microplate reader, Hidex, Finland) 
equipped with 4 W continuous 980 nm laser was used to scan agarose gels with a spatial resolution of 0.5 mm 
[19]. 

2.4. Upconversion-Linked Immunosorbent Assay 

High-binding 96-well microtiter plate (Corning, Germany) was coated by the BSA-diclofenac conjugate 
(concentration 1 µg·mL−1) in 50 mM NaHCO3/Na2CO3, 0.05 % NaN3, pH 9.6 over night at 4 °C. All subsequent 
steps were carried out at room temperature. After each step, the plate was washed four times with 250 μL of 
washing buffer (50 mM NaH2PO4/Na2HPO4, 0.01 % Tween 20, 0.05 % NaN3, pH 7.4). The free binding sites 
were deactivated using 250 μL of 1 % BSA in 50 mM NaH2PO4/Na2HPO4, 0.05 % NaN3, pH 7.4 for 1 h. The 
standard solutions of DCF in PBS (100 μL per well) were added followed by 100 μL of mouse monoclonal IgG 
12G5 (0.5 μg·mL-1) and incubation for 60 min. Afterwards, the plate was incubated with UCNP-Ab conjugate 
(concentration 10 μg·mL-1 of UCNP cores) for 60 min and the upconversion luminescence was read out from 
dry empty wells using an upconversion reader [19]. Each well was scanned 100 times with step 0.4 mm in a 
raster shape (10×10) with integration times of 500 ms. Truncated average was calculated for each well after 
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discarding the 10 highest and 10 lowest measurements to account for local irregularities on the microtiter well 
surface that result in signal outliers. 

3. RESULTS AND DISCUSSION 

Oleic acid-capped UCNPs were coated with a silica shell exposing carboxylic acid functional groups on the 
surface. The carboxyl groups improve the dispersibility in water and serve as attachment sites for subsequent 
conjugation steps. The diameter of COOH-UCNPs was determined by transmission electron microscopy (TEM, 
46.9 ± 5.0 nm; Figure 1A) and atomic force microscopy (AFM, 45.4 ± 7.6 nm). The COOH-UCNPs were 
conjugated to a secondary anti-IgG antibody via standard EDC/sulfo-NHS chemistry. A low concentration of 
COOH-UCNPs was utilized to prevent that one antibody molecule binds to several UCNPs, which would lead 
to aggregation. The conjugates were characterized by agarose gel electrophoresis (Figure 1B), dynamic light 
scattering (DLS), zeta potential measurements, and FT-IR spectroscopy. The lowest degree of aggregation 
was observed when the concentration of COOH-UCNPs in the reaction mixture was 1 mg·mL-1. The 
conjugation of the secondary antibody reduced the negative surface potential of the COOH-UCNPs as shown 
by zeta potential measurements and led to a stronger retardation in the agarose gel. The IgG-UCNP 
conjugates were purified from an excess of unbound secondary anti-mouse IgG and components of the 
reaction mixture by differential centrifugation. At first, the bioconjugates were centrifuged at 10 000 g, which 
led to strong nanoparticle aggregation. Afterwards, the centrifugation speed was reduced to 4 000 g followed 
by 5 min of sonication, which provided monodisperse purified IgG-UCNP. 

 

Figure 1 A) TEM image of silica-coated UCNPs exposing carboxyl groups on the surface. 
B) Characterization of UCNP-Ab conjugates by agarose gel electrophoresis. The unmodified COOH-UCNPs 

and IgG-UCNP conjugates (I and IV) were centrifuged at 4 000 g (II and V) and sonicated (III and VI) 

The synthesized and characterized UCNP-Ab conjugates were employed as a detection element in competitive 
ULISA for the detection of DCF. Generally, a low concentration of coating antigen ensures that the free analyte 
can compete efficiently for the binding sites of the detection antibodies. On the other hand, the signal 
generation has to be strong enough for a reliable readout. Two different coating conjugates were prepared 
consisting of BSA-DCF. The conjugates were analyzed by MALDI-TOF mass spectrometry, which showed a 
coupling density of either 5.7 or 10 DCF residues per BSA molecule. When the conjugate with the higher 
degree of derivatization was used, the signals were about twice as high but also showed stronger signal 
fluctuation and a hook effect, which may be the consequence of two binding sites of IgG molecules forming 
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cyclic complexes. By contrast, the conjugate exposing 5.7 DCF residues per BSA molecule yielded more stable 
signals, slightly lower IC50 value and a lower detection limit for DCF. Consequently, this coating conjugate was 
used in further experiments. An optimal signal generation was observed with a coating concentration of  
1 μg·mL-1. 

The competition step including free DCF and anti-DCF detection antibody was performed in analogy to a 
conventional ELISA [16] with the enzyme-mediated color generation replaced by IgG-UCNP conjugates as a 
direct luminescent reporter. The degree of UCNP surface substitution did not significantly affect the IC50 or the 
LOD, the concentration of 10 μg·mL-1 of IgG-UCNPs resulted in the most reproducible upconversion signal 
generation. In contrast to the UCNP-bound secondary antibody, the primary anti-DCF antibody is directly 
involved in the competition step and both the upconversion signal intensity and the IC50/LOD for DCF were 
strongly affected by the antibody concentration. A higher concentration leads to a higher signal intensity 
because more antibodies can bind to the DCF-BSA coating conjugate, but they also consume a larger amount 
of free DCF and thus deteriorate the assay sensitivity. A concentration of 0.25 μg·mL-1 primary anti-DCF 
antibody yielded an optimal balance between signal generation and sensitivity for the determination of DCF 
and was used in further experiments. The optimized ULISA assay (Figure 2) provided LOD of 50 pg·mL-1 and 
IC50 of 0.23 ng·mL-1. The LOD of the ULISA was slightly higher than the value of a conventional ELISA 
(7.8 pg·mL-1) [16], however the ULISA allows for a faster and easier signal generation within 140 min [15]. The 
assay time can be improved even further by using a direct assay scheme based on competition of free DCF 
with a tracer consisting of DCF, BGG and UCNP [20]. In this case, the BGG was employed (1) to minimize 
steric hindrance between the anti-DCF antibody and the UCNP surface and (2) to prevent non-specific 
adsorption of the tracer to the microtiter plate. The assay provided a comparable LOD of 20 pg mL−1 with total 
analysis time reduced to 70 min. 

 
Figure 2 Calibration curve of optimized ULISA for the detection of DCF (LOD 50 pg·mL-1; 

IC50 0.23 ng·mL− 1). Error bars represent standard deviations of three replicate wells 

For the analysis of real samples, drinking water (from Munich) and two surface water samples (lake Wörthsee 
and river Würm) were collected in Southern Bavaria (Germany). The DCF concentrations were, however, too 
low to be detectable in the unspiked water samples, therefore, each sample was additionally spiked with either 
1 or 10 ng·mL-1 of DCF. The spiked samples were typically diluted at least by a factor of 3 prior to the 
immunoassay to reduce the matrix effects. The DCF concentrations in real samples determined by ULISA are 
shown in Table 1. The deviations from the spiked concentrations were observed which might be caused by 
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the effect of sample matrix on the binding of the nanoparticle luminescent label, the metal ion can disrupt non-
covalent interactions by shielding charges and destabilizing hydrogen bonds. 

Table 1 Detection of DCF in unspiked and spiked real water samples using ULISA 

Sample Spiked 
concentration 

[ng·mL-1] 

ULISA 
[ng·mL-1] 

  0 < LOD 

Munich tap water  1 1.53 ± 0.28 

 10 15.0 ± 5.4 

 0 < LOD 

Lake Wörthsee 1 1.81 ± 0.06 

 10 10.2 ± 3.8 

 0 < LOD 

River Würm  1 1.05 ± 0.26 

 10 10.9 ± 1.6 

4. CONCLUSION 

A heterogeneous upconversion-linked immunosorbent assay was developed for the detection of non-steroidal 
anti-inflammatory drug diclofenac. Silica-coated UCNPs (NaYF4 doped with Yb3+ and Er3+, 50 nm in diameter) 
exposing carboxyl groups on the surface were synthesized and successfully conjugated to a secondary anti-
IgG antibody. The structure and monodispersity of the nanoconjugates was studied by TEM and agarose gel 
electrophoresis. Using a highly affine anti-DCF primary antibody, the optimized ULISA assay reached the LOD 
of 50 pg·mL−1. This performance comes close to a conventional ELISA without the need for an enzyme-
catalyzed signal amplification step. The ULISA was further used for the analysis of drinking and surface water 
samples, the achieved results were consistent with ELISA. 
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Abstract 

Classical “wet“ chemistry methods can produce polymers with well-defined molecular structure, but many types 
of polymers are difficult to prepare with significant degree of crosslinking without residues of the crosslinking 
agent. On the other hand, plasma polymers usually have very high degree of crosslinking but nearly random 
molecular structure. 

Plasma assisted vapour thermal deposition combines both methods. Classical polymers are heated in a 
crucible at low pressure and the released oligomeric fragments of the polymer chain are repolymerized in a 
glow discharge into a thin film. The number of well-preserved monomeric units between the crosslinks can be 
tuned e.g. from units to tens. 

Poly-lactic acid (PLA) belongs to a special class of biodegradable polymeric materials. In this work, plasma 
assisted vapour thermal deposition was utilized to prepare PLA plasma polymers. Molar weights and chemical 
composition of the “precursor” polymer and of the thin films have been characterized. As the measure of 
degradability, behaviour of the polymers during hydrolysis has been studied using spectroscopic ellipsometry 
and liquid chromatography. Possibility to prepare plasma polymer films with controlled degradability was 
demonstrated. 

Keywords: Plasma polymers, degradability, plasma assisted vapour thermal deposition, thin films 

1. INTRODUCTION 

Degradable and biodegradable polymers (such as polyethylene oxide or polylactic acid) have important 
applications in the biomedical field due to their unique biocompatibility, biodegradability and mechanical 
properties [1-5]. They can be also synthesized in many modifications for packaging, food industry or medicine 
[6-10]. 

Typically PLA is synthetized by polycondensation of lactic acid [11], but other synthetic methods have been 
also studied [7-9]. Methods based on low temperature plasma were found to be effective for fabrication of thin 
plasma polymer coatings [12-20].  

Using classical “wet chemistry” methods, it is often difficult to prepare biodegradable polymers with high degree 
of crosslinking without residues of the crosslinking agents. Plasma-based methods can produce very highly 
crosslinked materials easily, but retention of the molecular structure of the monomer is usually low.  

Plasma assisted vacuum thermal deposition is a technique that uses oligomers released during low pressure 
thermal decomposition of a source polymer (“precursor”) [21-25] as “monomers” for plasma polymerization. It 
is possible to produce plasma polymers that bridge the limits of classical polymers and plasma polymers 
[26, 27]. In this way various properties of the films can be controlled [28]. 
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2. EXPERIMENTAL 

2.1. Deposition of plasma polymer 

The general setup of the experiment was described e.g. in [26]. The RF (13.56 MHz) electrode covered with a 
glass target was 4 cm below a heated crucible with solid polymer precursor (“source” polymer). The substrates 
(single-side polished silicon wafers, gold-coated silicon, aluminium foil, glass slides) were placed 10 cm above 
the crucible. During the experiment, the crucible was heated approximately linearly from 25°C to 330°C at the 
rate 25°C/min. As a source polymer for the process, PLA prepared by polycondensation according to [6] was 
used. To ignite the plasma, argon under the pressure of 4 Pa (flow rate of 8 sccm) was used. The deposition 
rate was monitored by quartz-crystal microbalance sensor. 

2.2. Determination of film composition 

Molecular weight distributions of PLA prior to and after deposition were analyzed by gel permeation 
chromatography (GPC) on an HT-GPC 220 system (Agilent). Samples on aluminium foil were dissolved in 
THF (2 mg.ml-1) overnight. Separation and detection took place on a series of mixed columns (1×B, 1×D, 1×E) 
(300×7.8 mm, Polymer Laboratories). Analyses were carried out at 40°C in THF, 1.0 ml.min-1 flow rate and a 
loading volume of 100 μL. The infrared spectra of the films on gold-precoated substrates were obtained by 
FTIR-ATR (Nicolet iS5). 

2.3. Characterization of hydrolysis 

The physical thickness of the film during hydrolysis has been characterized in situ using spectroscopic 
ellipsometry (Woollam M-2000DI). The hydrolysis experiments were carried out on samples on the glass slides 
at 37°C in 15 ml ammonium bicarbonate buffer (0.01 mol.l-1, pH 7). 0.5 ml aliquots were taken at regular 
intervals, centrifuged and analyzed for lactic acid by LC MS (Agilent 6530 Accurate Mass) coupled to an HPLC 
unit (Agilent 1260 Infinity). 

 

Figure 1 GPC molar weight of the precursor PLA polymer and thin films prepared without plasma and at 
plasma power 5 W (note: relative amount of fragments with Mr<2000 g.mol-1 can be overestimated) 
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3. RESULTS AND DISCUSSION 

3.1. Preparation and composition of the films 

During heating of the crucible, the deposition could be observed after attaining approximately 150°C. Most of 
the deposition took part at the temperature over 200°C and the deposition rate increased approximately 
exponentially with temperature. 

The thickness of the as-deposited films was 500-3000 nm. Molar weight of the precursor polymer was 
Mn=6900 g.mol-1 (~80 monomeric units). The molar mass distribution of the plasma polymer is significantly 
broader (Figure 1). There are lower molar weight fragments (Mr=100-3000 g.mol-1) present as well as the 
molecules with molar mass higher than the original polymer (Mr=10 000-100 000 g.mol-1). This can be 
attributed to the fragmentation of the precursor polymer and re-polymerization of these fragments that 
proceeds to some extent even without the plasma. The ratio of the low molar to high molar fragments amount 
shifts slightly when the material is plasma-polymerized. 
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Figure 2 FTIR-ATR spectra of the precursor PLA polymer and thin films prepared without plasma and at 

plasma power 5 W 

The FTIR ATR spectra (Figure 2) of the precursor and of the thin films are very similar, showing good retention 
of the chemical structure of polylactic acid.  

However, slight broadening of the absorption peaks in the films in comparison to the precursor polymer marks 
some fragmentation and randomization of the structure of the thin films. That is compatible with findings of 
GPC. The structure of PLA is present in the peaks of C=O stretching (~1750 cm-1) and C-O-C stretching 
(1090 cm-1, 1185 cm-1, 1215 cm-1) vibrations. Significant increase of intensity of the peak at 1270 cm-1 can be 
attributed to coupled CH and C-O-C vibrations [29]. With the increase of intensity absorptions that can be 
assigned to CHx containing groups (1045 cm-1, 1130 cm-1, 1380 cm-1, 1450 cm-1) it is another sign of 
fragmentation and crosslinking of the polymeric chain.  
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Figure 3 Swelling behaviour of the films in water observed by in-situ by spectroscopic ellipsometry for films 

prepared without plasma and at plasma power 5 W  
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Figure 4 Lactic acid release from hydrolyzed PLA plasma polymer films determined by LC-MS for films 

prepared without plasma and at plasma power 5 W 

3.2. Properties of the films during degradation by hydrolysis 

The in-situ monitoring of thin films immersion in water using spectroscopic ellipsometry (Figure 3) revealed a 
marked difference between films prepared without plasma and with plasma power 5 W. While they differ only 
mildly in composition, the difference in the swelling behaviour was much more pronounced. The films prepared 
without plasma have swollen to more than three times of the initial thickness in less than 10 minutes without 
clear sign of slowing of the swelling and dissolving. Films prepared at plasma power 5 W swelled in the same 
time only by about 60%.  
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When the hydrolysis of the films was monitored (Figure 4), it was found that the lactic acid release was higher 
during the first 200 hours. The lactic acid release was faster for the films deposited without plasma discharge, 
showing faster degradation by hydrolysis. 

4. CONCLUSION 

PLA-like plasma polymer films were prepared using plasma-assisted vacuum thermal deposition. These films 
well correspond in structure and chemical composition to the original PLA polymer. The properties of the films 
in terms of (bio) degradability can be varied by the deposition conditions. Even mild plasma polymerization of 
the thermally released fragments of the source polymer significantly slow down the degradation of the resulting 
films. 
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Abstract 

Non-healing wounds are serious complication in diabetic patients and represent an attractive challenge for 
development of suitable carrier system possessing constant and localized release of therapeutic biomolecule 
into the wound without any undesired side effects. Given the fact that these non-healing wounds are result of 
impaired balance in metalloproteinases synthesized by immune cells residing the wounds, gene therapy 
offering knock down of such enzymes is of great interest. 
Here we challenged a development of functional and biocompatible wound dressing enabling controlled 
release of trackable carrier loaded with therapeutic siRNA. Our dressing consists of scaffold from degradable 
polymer nanofibers enriched with fluorescent nanodiamond particles (FND). We have previously shown the 
nanodiamond particles are great carriers for antisense RNAs. Their advantages represent high 
biocompatibility, stable luminescence giving us the possibility to track the carrier system in the wound, and 
effective release of antisense RNA in the wound. Embedding of nanodiamond-siRNA systems into nanofiber 
scaffold enables continuous release of siRNA and maintaining the stable siRNA concentration in the wound 
site resulting in a promotion of wound healing. 
We developed FND-siRNA complexes specific to MMP-9 that efficiently inhibit the expression of target MMP-
9 mRNA. The complexes were embedded into core/shell nanofibers from PVA and PCL, visualized by confocal 
microscopy, and characterized by electron microscopy. Real-time PCR was used to assess the silencing effect 
of siRNA that has been delivered to target murine fibroblasts by FND released from nanofiber dressing. 
Nanofiber system with embedded FNDs was applied on wounds in diabetic animal models to evaluate its 
suitability regarding short and long term toxicity, efficacy, and handling in vivo. 
Our results suggest that using nanodiamond-siRNA complexes with nanofiber-controlled and localized release 
is a promising approach in gene therapy of non-healing wounds. 
Keywords: Electrospun nanofibers, fluorescent nanodiamonds, RNA interference, gene therapy, non- 
        healing wounds 

1. INTRODUCTION  

According to the annual WHO statistics, the number of diabetic patients almost quadrupled since 1980 and its 
prevalence is rapidly rising among low- and middle-income countries [1]. There are many efforts being done 
to prevent, educate and treat the disease as such, but at the same time, the emphasis is put on finding ways 
to help patients cope with the consequences of the disease. Diabetes is a major cause of a lower limb 
amputation, resulting from non-healing ulcers, common complications of diabetes [1]. 

1.1. Non-healing wounds and RNA interference  

The wound healing process is characterized by a high complexity and it is usually described as consisting of 
four main parts which include initiation, inflammation, proliferation, and maturation. Matrix metalloproteinases 
called gelatinases are enzymes known for their capability to cleave collagen, elastin, basement membranes, 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

468 

and denatured collagen [2]. During the inflammatory phase of wound healing, the amount of active gelatinases 
increases in order to clean the wound from old cells and damaged extracellular parts. Once the wound is free 
of such old tissue, the activity of the metalloproteinases reduces to prevent any removal of newly formed tissue 
[3]. Therefore, gelatinases play an important role in wound healing, and their dysregulation caused by 
prolonged inflammatory phase in diabetic individuals results in impaired wound healing. In diabetic animal 
models, levels of both MMP-2 and MMP-9 active metalloproteinases are significantly elevated [4]. The level of 
active gelatinase can be regulated by using customized siRNAs that affect the protein expression by RNA 
interference (RNAi) [5]. 

1.2. FND carriers for local gene therapy 

Fluorescence nanodiamond nanoparticles (FNDs) are suitable carriers that can deliver the siRNA to the cells 
in a wound site. In addition to their nano-size, the most important properties that make them so attractive 
include their non-toxicity, high biocompatibility, easily functionalized surface, and non-bleaching/blinking 
fluorescence [6][7]. The fluorescence of FNDs is given by the nitrogen-vacancy centers (NVCs), useful lattice 
defects created by irradiation of NDs with high energy particles followed by vacuum annealing [6][8]. Their 
stable fluorescence can be than well detected by confocal microscopy. 

1.3. Nanofibers mesh loaded with FND carriers 

The length of the wound healing process requires constitutive release of FND-siRNA complexes to the wound 
site. Coaxial electrospun nanofibers have been previously shown to be suitable as a wound dressing and they 
can be produced from different polymers or their combinations enabling the development of dressing with 
optimal release kinetics. For the FND-siRNA incorporation, we selected poly-ε-caprolactone (PCL) and 
polyvinyl alcohol (PVA) [9]. These polymers were built-up to the PVA-core/PCL-shell structure, according to 
their affinity to water. 

2. METHODS 
FNDs used in this project are kindly provided by Dr. Vlaďka Petrakova from the Faculty of Biomedical 
Engineering, Czech Technical University. Surface modification of FND with polymer linker and siRNA is carried 
out by Ing. Marek Kindermann at the Institute of Organic Chemistry and Biochemistry, Czech Academy of 
Sciences. FND preparation process including coating of their surface has been described earlier [6][10]. 

Zeta-potential (z-potential) method was used to characterize nanodiamond complexes as they were 
functionalized, i. e. pure FNDs, PEI800 coated FNDs and short RNAs linking with the FND-PEI surface. 
Nanoparticles were kept in phosphate-buffered saline solution while measured by Zetasizer Nano (Malvern). 

NIH/3T3 mouse adherent fibroblast cell line was obtained from the ATCC (CRL-1658™) and maintained in 
Gibco™ DMEM medium (Thermo Fisher), supplemented with 10% Gibco™ FBS (Thermo Fisher) and 44 mg/L 
Gentamicin (Sandoz) in a humid atmosphere with 5% of CO2. 24 hours before an experiment, cells were 
seeded in 70-80% confluency in starvation medium (without FBS). Final concentration of FNDs was 25 μg/ml. 
Control transfection of siRNA was carried out using X-tremeGENE™ HP DNA Transfection Reagent (Roche) 
according to manufacturer's protocol. 

To visualize nanodiamonds inside NIH/3T3 fibroblasts by confocal microscopy, cells were seeded in density 
of 500.000 cells/ml on the plates with glass bottom and they were incubated with nanodiamonds. Cell nuclei 
were stained with Hoechst 33342 (1 μg/ml, Invitrogen) at the end of the incubation period, and the images 
were recorded with an Olympus FluoView™ FV 1000 confocal microscope (objective 40X, NA 0.95) and they 
were analysed with Olympus FluoView 2.0 software. Excitation/emission settings on confocal microscope were 
following: Hoechst (Nuclei) 405 nm/461 nm; FNDs 559 nm/655-755 nm.  
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Total RNA has been purified using a High Pure RNA isolation kit (Roche), according to manufacturer's 
instructions. 1ug of total RNA was transcribed using the High Capacity cDNA Archive Kit (Thermo Fisher 
Scientific). Real time PCR was performed with gene-specific TaqMan® Assay and the TaqMan® Universal 
PCR Master Mix. Here, β2 microglobulin (B2M) mRNA was used as an internal control. All samples were 
measured in triplicates using a CFX96 Touch™ Real-Time PCR Detection System (BioRad) and data were 
analysed using CFX Manager™ Software (BioRad). 

Nanofibers were characterized visually by confocal microscopy to capture the fluorescence of incorporated 
FNDs (559 nm/655-755 nm) and FITC labelled fibers (488 nm/525 nm). Fluorescence-lifetime imaging (FLIM) 
was used to distinguish the different decay of FND fluorescence lifetime inside fibers. The effect of nanofiber 
wound dressing on the NIH/3T3 fibroblasts metabolic activity was evaluated using Cell Proliferation Reagent 
WST-1 (Roche). The cells were seeded in 12 well plates (250.000 cells/well) and nanofibers with and without 
incorporated FNDs were added in corresponding wells. WST-1 assay was performed according to 
manufacturer's instructions and the absorbance was measured with Tecan Infinite® 200 PRO microplate 
reader (450 nm, reference at 630 nm). Nanofibers were visualized using confocal microscopy.  

Diabetic model was established using the C57/BL6 mouse male and an intraperitoneal administration of 
streptozotocin (STZ). Animals were starved for 4 hours prior the injection, they received the dose of 40 
mg/kg/day for 5 consecutive days. Blood glucose was measured two weeks after last STZ injection and values 
over 8.3 mmol/l were considered as statistically higher than control animal values [11]. 

3. RESULTS 
Measuring of z-potential confirmed the proper formation of the FND-PEI-RNA complex. It is clear from results 
in Figure 1 that the FNDs exhibit negative z-potential, after modification with PEI800 the value moves to 
positive values, enabling the RNA to link electrostatically, shifting the value back to negative. 

 
Figure 3 Z-potential results showing the FND, FND-PEI and FND-PEI-RNA values (in mV), control sample 

(NC) contained only phosphate-buffered saline 

3T3 fibroblasts growing on glass visualized by confocal microscopy showed internalized nanodiamonds in 
cytoplasm (red signal, Figure 2b) after focusing on nuclei (blue signal, Figure 2b). SiRNA designed for murine 
MMP-9 activity reduction was verified in vitro, there was a significant decrease of normalized expression 
(Figure 2a) after 24 hours of stimulation with siRNA. 3T3 fibroblasts growing in presence of nanofibers on 12 
well plates were measured in terms of their metabolic activity and the results are shown in Figure 2c. There 
were multiple control samples including wells without cells and wells with 3T3 cells that had promoted 
metabolic activity (FBS 10%). 
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Figure 4 In vitro efficacy of siRNA on 3T3 fibroblasts, a) normalized expression comparison of 3T3 cells 

before and after siRNA stimulation, b) 3T3 fibroblasts with incorporated FNDs (red signal), c) WST-1 assay 
with 3T3 cells growing in presence of nanofibers; Control (DMEM medium), NVL (nanofiber mesh), NVL-FND 

(nanofiber mesh with embedded FNDs), 10% FBS (3T3 cells stimulated with full media), 3T3 (cells in 
DMEM), 3T3 and NVL (3T3 cells and nanofiber mesh), 3T3 and NVL-FND (3T3 cells and nanofiber mesh 

with embedded FNDs) 

 
Figure 5 a) confocal microscopy of the thin end part of the nanofiber mesh with FNDs (red signal),  

b) FLIM of nanofibers with FNDs, c) confocal microscopy of FNDs (red signal, left image) in nanofibers  
and nanofibers labelled with FITC (green signal, right image) 
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Figure 6 In vivo results. a) C57/BL6 animal model blood glucose level 2 weeks after STZ injections,  

b) level of MMP-9 expression in C57/BL6 tissue after wounding (comparison non-wounded and wounded 
diabetic tissue), c) C57/BL6 model with wound and nanofiber application 

Diabetic animal models developed high blood glucose levels 2 weeks after last STZ injection (Figure 4a). In 
vivo experiments showed high expression of MMP-9 mRNA (Figure 4b) in diabetic animal models when 
compared to unwounded tissue. Figure 4c shows C57/BL6 animal model with nanofiber applied on the wound. 

3.1. DISCUSSION 
The distribution of nanoparticles inside nanofiber system in the confocal microscopy images seems rather 
homogeneous with occasional clusters. This homogeneity is crucial for the final wound dressing product. FNDs 
proved the ability to enter the 3T3 fibroblast cytoplasm and thus deliver the siRNA. WST-1 assay confirmed 
that presence of nanofibers is not influencing the metabolic activity of fibroblasts in vitro and transfection of 
siRNA by nanodiamonds resulted in knock-down of target mRNA.  

4. CONCLUSION 
We presented system designed for siRNA delivery in non-healing wounds by combining two different 
nanomaterials. Thanks to nanofibers, this system is capable of gradual release and thanks to nanodiamonds 
it is capable to visualize the cargo delivery. We have developed stable hyperglycaemia in C57/BL6 animal 
models with elevated level of MMP-9 expression in their wound and we have designed nanodiamond-based 
siRNA carrier enabling decrease of target MMP-9 siRNA expression. 
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Abstract  

This study was focused on interaction ZnO nanoparticles with protein. Bovine Serum Albumin (BSA) was 
chosen as a model protein to show how successful is the adsorption of protein on our prepared nanoparticles. 
Particles of ZnO were prepared by direct precipitation method from Zn(NO3)2 by addition of urea and further 
treatment. These particles were dispersed in water and characterized by distribution of size and compared 
with commercial ZnO. Average size of dispersed prepared particles was around 75 nm. Afterwards the zeta 
potential of particles was measured in different conditions (change of pH, concentration, ionic strength) and 
the isoelectric point was determined. These results were used for optimization the appropriate conditions for 
adsorption of BSA on ZnO nanoparticles. The changes of zeta potential were measured during adsorption of 
BSA on ZnO nanoparticles. These results can help to understand the interaction of ZnO nanoparticles with 
protein which is important to know for use their antibacterial effect in application in medicine. 

Keywords: Zinc oxide, bovine serum albumin, zeta potential, adsorption 

1. INTRODUCTION 

Nanoparticles are still very interesting materials in terms of their several functional properties which can be 
used in different applications. ZnO is one of the well-known materials. It is a II-IV semiconductor with 3.37eV 
band gap and large excitation binding energy (60 meV) compared to other widely used semiconductors at 
room temperature and it has several useful properties such as luminescence, piezoelectricity, high chemical 
stability, high electrochemical coupling coefficient, broad range of radiation adsorption, high photostability [1,2] 
etc. These properties depend on physical and chemical properties especially on size, shape and crystal 
structure [3]. There are various methods of preparation, such as physical and chemical vapor deposition [4, 
5], hydrothermal growth [6, 7], sol gel [8], mechanochemical methods [9], pulsed-laser deposition [10], 
microwave synthesis [11] and each of them can produce nanoparticles of ZnO with different morphology. ZnO 
nanoparticles are widely used in several areas such as UV light-emitting devices, gas sensors, photocatalysis, 
biosensors, pharmaceutical and cosmetic industries [1, 2, 12, 13]. They are also non-toxic, photochemically 
stable, show high biocompatibility and selective cytotoxicity [1, 9, 12]. These properties make them interesting 
for use in medicine. 

There are several possible methods of preparation. Some methods are not cost effective, include very high 
temperatures or low pressures, some of them include precursors which are unstable and can cause 
environmental hazards. In this work, we try to use simple and effective method for produce suitable ZnO 
nanoparticles for our measurements and experiments. We decided to use a simple precipitation method [14] 
based on reaction of zinc nitrate and urea. The adsorption of proteins at solid-liquid interfaces is an important 
process for biomedical technologies and in our work we focus on possible functional properties for medical 
applications.  

For our experiments we used the Bovine Serum Albumin (BSA). This protein is often used as a model protein 
for studying the interactions. It is one of the most abundant proteins in plasma and also it is a multifunctional 
protein with extraordinary ligand binding capacity. This protein is similar to human serum albumin (HSA). BSA 
(molecular weight 66 463 Da) consists of three intrinsic fluorophores: thyptophan (2 residues), tyrosine (20 
residues) and phenylalanine (30 residues) [2]. In solution, BSA can form different conformations, which are 
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modified by changes of pH or ionic strength [15, 12]. Nanoparticles interact with protein in solution and around 
nanoparticles there is forming a layer of proteins which is usually called as “protein corona” [12]. 

2. MATERIALS AND METHODS 

2.1. Materials 

We used Zinc nitrate hexahydrate (Sigma Aldrich), urea (Lachema), Bovine Serum Albumin (Sigma Aldrich), 
Zinc oxide nanoparticles (Sigma Aldrich), Hydrochloric acid (Sigma Aldrich) and Sodium hydroxide (Sigma 
Aldrich). 

2.1.1. Preparation of Zinc oxide nanoparticles 

ZnO nanoparticles were synthesized by simple direct precipitation method. 50 ml of 0.5M Zn(NO3)2 solution 
was heated at 70 °C and dissolved in a distilled water under constant stirring. In the same way was prepared 
50 ml of 1M urea solution. After 30 minutes of stirring and heating was the solution of urea (precipitation agent) 
added dropwise into solution of Zn(NO3)2 under continual stirring at 70 °C. After 2 hours of growth nanoparticles 
the solution turned to whitish cloudy. The solution was cooled down, centrifuged at 8000 rpm for 10 min and 
washed several times with distilled water to remove all impurities. The product was calcinated at 500 °C for 3 
hours in muffle furnace. 

2.1.2. Preparation of solutions for measurement 

ZnO was prepared for measurement as a dispersion in distilled water in several concentrations and all samples 
were sonicated (30 minutes) for achievement homogenous solutions. BSA was dissolved in distilled water in 
required concentrations. There were Hydrochloric acid and Sodium hydroxide used for adjusting the pH. 

2.2. Methods 

2.2.1. Dynamic light scattering 

The size distribution of used particles was determined by the dynamic light scattering (DLS) technique. The 
measurements were accomplished using a Zetasizer Nano ZS (Malvern Instruments Ltd., GB). The 12 mm 
cell (DTS 0012) was used. The suitable parameters were chosen for each sample of ZnO (Refractive index: 
2.003; Absorption: 0.1) or BSA (Refractive index: 1.450; Absorption: 0.001) and dispersant (water; Refractive 
index: 1.333; Viscosity: 1.0031 cP, Dielectric constant: 80.4). All measurements were performed several times 
and finally was taken an average value. All measurements were taken at 20 °C. 

2.2.2. Zeta potential measurement 

The zeta potential was obtained by measurement of electrophoretic mobility using a Zetasizer Nano ZS 
(Malvern Instruments Ltd., GB) in folded capillary cells (DTS1070). The electrophoretic mobility was converted 
to the zeta potential using a Smoluchowski equation. Firstly, the dependence of zeta potential on pH was 
measured for ZnO and BSA in range of pH 3 - 13. The automatic Autotitrator (Malvern MPT-2) was used for 
this measurement to adjust pH by using Hydrochloric Acid (0.25 and 0.025 mol/L) and Sodium Hydroxide (0.25 
mol/L). Then the change of zeta potential was measured with the other parameters (temperature and ionic 
strength) and it was found that the change of zeta potential with the change of temperature and ionic strength 
is negligible in comparison to change with the pH. For other measurement was considered only influence of 
pH on zeta potential of particles. 

The samples with the most suitable zeta potential was chosen for adsorption. To determine protein adsorption, 
5 ml of 400 ppm ZnO and 5 ml of BSA in six different concentrations (10, 20, 30, 50, 75 and 100 ppm) was 
added and mixed in pH 7. The zeta potential of each sample was measured after 5 minutes. 
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3. RESULTS AND DISCUSSION 

3.1. Particle size distribution 

Figure 1 shows the size of used samples. The average size for BSA is 4.8 nm, for ZnO(com) 85 nm and for 
our prepared ZnO 78 nm. There can be seen that prepared ZnO was comparable with the commercial sample. 
The size of particles is almost the same and particles show good size distribution in the sample after ultrasound 
treatment. We measured also a size of particles after adsorption and the size of ZnO(com) with 25 ppm BSA 
is 105nm. It confirms that the adsorption was performed. 

 
Figure 1 a) distribution of BSA size (black curve); b) distribution of prepared ZnO size (blue curve); c) 
distribution of commercial ZnO size (red curve) d) distribution of commercial ZnO + BSA (green curve) 

3.2. Zeta potential 

Figure 2 shows the change of zeta potential during change of pH. Measured points were fit with four parameter 
sigmoid curve (f= y0+a/(1+exp(-(x-x0)/b))). These curves have a typical shape and show that in this range zeta 
potential of measured particles goes through an isoelectric point (IEP). The isoelectric point is the value of pH 
when the zeta potential is zero. For the suspension, it means that this system is unstable and it is prone to 
agglomerate or flocculate. For pH from 3 to 12 the zeta potential of BSA changes from +28 to -33 mV. For 
prepared ZnO from 20 mV to -60 mV and for commercial ZnO from 36 to -33 mV. The shift of prepared ZnO 
zeta potential values and commercial ZnO(com) is due to presence of impurities in prepared ZnO and because 
of the process of preparation. IEPs for each sample show Table 1. 

Table 1 IEPs for ZnO, ZnO (com) and BSA 

 IEPs [pH] 

ZnO 7.4 

ZnO (com) 8.4 

BSA 4.8 
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The zeta potential which had been measured was used for decision which pH is the most suitable for 
adsorption of BSA in ZnO. For adsorption is the best to take particles with opposite zeta potential. So from the 
measured samples was chosen the sample of ZnO (com) with IEP in pH 8.4. In pH 7 the BSA has zeta potential 
-29 mV and ZnO (com) +22 mV. For adsorption of our prepared ZnO we should choose different pH, for 
example pH 6. It will be the subject of further studies. 

 
Figure 2 The dependence of zeta potential on pH of prepared ZnO (), commercial ZnO(com) ()  

and BSA () 

3.2.1. Zeta potential after adsorption 

The zeta potential was measured again after adsorption of BSA on ZnO in several concentrations. The results 
are shown at Figure 3. When is the curve fit on our measured data, it can be seen that the required 
concentration BSA for full neutralization of the charge on 200 ppm ZnO(com) is 16 ppm. When the 
concentration of BSA is lower, we can see a positive resultant zeta potential. That is because of surplus of 
ZnO with positive zeta potential. When the concentration of BSA is higher, the resultant zeta potential is 
negative, because of surplus of BSA with negative zeta potential. Our curve of dependence zeta potential on 
amount of BSA is very similar to Langmuir adsorption isotherm and will be used for further study of adsorption 
parameters. 

The same experiments were done with prepared ZnO but the results were unsatisfying. This sample has 
different surface properties and in this pH is not suitable for adsorption. We need to do several other 
experiments and determine the value of pH with larger difference of zeta potential ZnO and BSA suitable for 
adsorption. On this we will focus in our future work. 
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Figure 3 Zeta potential of 200 ppm ZnO(com) + 5, 10, 15, 25, 37.5 and 50 ppm BSA 

4. CONCLUSION 

The adsorption of BSA on ZnO was performed. Firstly, the zeta potential of ZnO, ZnO(com) and BSA was 
measured. Secondly, ZnO(com) was chosen for adsorption because of suitable values of zeta potential. Then 
the adsorption was performed and the change of zeta potential was measured. It can be seen from results, 
that adsorption was successful and it was determined the amount of BSA on ZnO(com) for fully covered 
surface of ZnO. This results will be used in further experiments especially for optimization of adsorption of our 
prepared ZnO samples. 
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Abstract  

Magnetic nanoparticles are widely studied as potential therapeutic vectors in a number of conditions including 
neurodegenerative diseases - Alzheimer’s & Parkinson’s disease. These diseases are known for production 
of aberant protein forms with β-amyloid structure. The ability to cross blood-brain barrier and the possibility of 
surface modification present unique opportunity to use high frequency electromagnetic hyperthermia to destroy 
such amyloids, which we investigated in this study. Starch covered 100 nm magnetite nanoparticles can be 
heated to hyperthermic temperatures by 3.5 MHz alternating electromagnetic field. Hen egg-white lysozyme 
amyloid fibrils were prepared in acidic conditions. Micromolar amounts of magnetic nanoparticles, ensured 
heating of the mixture in electromagnetic field and we evaluated effect of hyperthermia on fibrils from 
absorbance peak shift from 490 nm to 540 nm in Congo red spectra, which is present when the dye binds with 
amyloid fibrils. Up to 40-45 µL of 25 mg·mL-1 magnetic nanoparticles in 1 mL of hen egg-white amyloid fibrils 
did not have any considerable effect on the fibrils, but amounts larger than 50 µL exhibited ability to destroy 
the fibrils to such an extent that no red shift in Congo red spectra was observed.  

Among other beneficial properties of magnetic nanoparticles is their ability to act as peroxidases which can 
also prove to be beneficial in neurodegenerative diseases. Evidence suggests involvement of ROS, to which 
hydrogen peroxide contributes in various ways. We investigated peroxidase activity of 100 nm starch-covered 
magnetite nanoparticles using o-phenylenediamine dihydrochloride as a chromogen. The results were 
interpreted using Michaelis-Menten kinetics. 

Keywords: Magnetic nanoparticles, neurodegenerative diseases, amyloid fibrils, hyperthermia, peroxidase  
        activity 

1. INTRODUCTION 

Neurodegenerative diseases are yet untreatable diseases that affect mostly people in their sixth decade and 
older. In Europe the overall prevalence for dementia, which is one of the main symptoms of neurodegenerative 
disease, is 1.55 % [1]. Women are more likely to suffer from dementia with twice as many cases documented. 
The two most common neurodegenerative diseases are Alzheimer’s disease (AD) and Parkinson’s disease 
(PD). 

AD is progressive disease that destroys memory, ability to learn and adapt, to react and communicate in social 
situations. It affects neurons in amygdale and hippocampus which are responsible for short term memory, and 
then slowly other neurons in cerebral cortex. Microscopic changes also involve formation of senile plaques 
consisting of insoluble form of β-amyloid peptide in β-sheet conformation and neurofibrilary tangles consisting 
of hyperfosforilated τ proteins [2]. 

PD is mostly associated with loss of motor function, tremors, muscle rigidity and bradykinesis caused by 
gradual death of dopaminergic neurons in substantia nigra. Dementia symptoms are caused by neuronal death 
in basal forebrain. Insoluble forms of proteins in β-sheets, mainly α-synuclein, are present in Lewy bodies, 
which histologically present as eosinophilic cytoplasmic inclusions [3]. 
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In both of these diseases involvement of ROS has been found. Many neurons can cope with increase in 
oxidative stress, but some neuron populations are more vulnerable to it - this phenomenon is called selective 
neuronal vulnerability. Specifically, the brain areas most affected in neurodegenerative diseases show 
different, but increased vulnerabilities towards ROS and therefore it may be involved in etiopathology of these 
diseases [4]. Moreover, overall brain vulnerability towards ROS is higher because brain utilizes about 20 % of 
respired oxygen even though it represents no more than 5 % of total body weight, contains more metal ions 
which accumulated there throughout life, easily oxidable polyunsaturated fatty acids and lower concentration 
of antioxidants and related enzymes. 

Aggregated misfolded proteins that form high-ordered insoluble fibrils are common in neurodegenerative 
diseases. The mechanism of their formation is not yet fully understood, although there is some evidence of it 
being a product of genetic and environmental factors where oxidative stress is one of them. Proteins modified 
by ROS tend to aggregate and may act as inhibitors for proteasomal activity - a major way of removing of 
misfolded proteins, which may lead to subsequent protein aggregation [5]. 

Magnetic nanoparticles represent potential vector for several potential treatments for neurodegenerative 
diseases. However, brain is protected against 98 % of small molecules by blood-brain barrier, which prevents 
harmful substances from passing into brain. Although most magnetic nanoparticles are unable to cross the 
blood-brain barrier passively, several strategies such as attaching molecules for receptor or carrier mediated 
transport, transport mediated by external magnetic field and increase of blood-brain barrier permeability by 
heat generated by magnetic nanoparticles during application of alternating magnetic field have been utilized 
successfully [6]. 

All above mentioned strategies also represent the advantages of magnetic nanoparticles as therapeutic 
vectors for neurodegenerative diseases. Apart from the ability to functionalize their surface by ligands, they 
can also be modified by therapeutic agents for delivery into brain, such as dopamine to substantia nigra for 
Parkinson’s disease. Application of alternating magnetic field in combination with magnetic nanoparticles 
produces hyperthermic effect upon the tissue containing the nanoparticles. In single domain naoparticles this 
is due to rotation and relaxation of magnetic moment within the nanoparticle - Néel relaxation. Heat can also 
be produced by Brownian motion and friction within environment containing the nanoparticles. For multidomain 
nanoparticles heat is produced via hysteresis losses within the domain walls [7]. 

Since hyperthermia has a really good effect on brain tumors, we decided to try this approach for insoluble 
misfolded protein fibrils that are common for neurodegenerative diseases. The study was conducted using hen 
egg-white lysozyme a well-known and accepted model for amyloids. The aim was to see if controlled 
hyperthermia can in any way affect amyloid fibrils and in best case scenarios if it could lead to fibril 
disintegration. 

The other approach on using magnetic nanoparticles as therapeutic agents is their ability to act as peroxidases 
[8]. Since brain has generally lower concentration of antioxidant enzymes and neurodegenerative diseases 
are connected to ROS generation and effects, this particular property of magnetic nanoparticles can be a pro 
in their utilization as therapeutic vectors in these diseases. 

2. EXPERIMENTAL 

2.1. Heating of magnetic nanoparticles 

Electromagnetic heating of 100 nm starch-covered magnetite nanoparticles with 80 mg·ml-1 of Fe3O4 was 
performed using a 3.5 MHz radiofrequency generator (GV6A, ZEZ Rychnov, Czech Republic) with a power 
dissipation of 6 kW. The coil-shaped and water-cooled antenna was made of 3 copper windings with a diameter 
of 15 cm, connected to a water-cooled resonance circuit which produced the electromagnetic field. The 
temperature of the suspension was measured by contactless infrared thermometer. 
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2.2. Hyperthermia of amyloid fibrils 

Amyloid fibrils were prepared by adding 2 mg·ml-1 of hen egg-white lysozyme into pH 2, 100 mM phosphate 
buffer with 150 mM NaCl [9]. This solution was heated to 65 °C for one week. 20-60 µL of 100 nm starch-
covered magnetite nanoparticles (25 mg·ml-1 of Fe3O4) were added per one milliliter of fibrils and put into 
3.5 MHz alternating magnetic field until their temperature reached 42 ± 1 °C. The excess of magnetic 
nanoparticles was removed from solution via magnetic decantation. Congo red staining was used to evaluate 
presence of fibrils. 100 µL of hyperthermically treated fibril were added to 1 ml of Congo red solution prepared 
in pH 7, 50 mM phosphate buffer and left to incubate for 30 minutes. Spectrophotometric measurements were 
conducted on spectrophotometer Jenway 7315 (Staffordshire, UK). 

2.3. Peroxidase activity 

0.5 mg·ml-1 of o-phenylenediamine dihydrochloride (PDD) was dissolved in pH 5.5 phosphate-citrate buffer. 
1.44 ml of PDD was mixed with 160 µl of hydrogen peroxide and 64 µl of 100 nm starch-covered magnetite 
nanoparticles [10]. The final concentration of hydrogen peroxide in reaction mixture was ranging from 3.37 % 
to 0.34 %. 

3. RESULTS AND DISCUSSION 

Magnetic nanoparticles subjected to and external alternating magnetic field increase their temperature as a 
function of time of magnetic field action. This is due to Brown and Néel relaxation processes and hysteresis 
losses. 100 nm starch-covered magnetite nanoparticles with 80 mg·ml-1 of Fe3O4 can reach almost 90 °C 
temperature in one hour as shown in Figure 1 as compared with control sample without nanoparticles. To 
avoid temperatures higher than hyperthermic, final concentration of magnetic nanoparticles was adjusted to 
25 mg·ml-1 and used in all further experiments. 

 
Figure 1 Heating of 100 nm starch-covered magnetic nanoparticles (80 mg·ml-1 of Fe) in an alternating 

magnetic field. Averages and standard deviations from three experiments 

Hyperthermic treatment of HEWL amyloid fibrils was done with the same nanoparticles which were added in 
7 different amounts in 1 ml of fibrils. Congo red staining was used for evaluation - presence of fibrils is 
characterized by red shift of absorption peak, where the highest difference between Congo red spectrum and 
Congo red-stained fibrils is at 540 nm. Absorbances of Congo red spectrum and hyperthermically non-treated 
fibrils at 540 nm were used as controls. As can be seen in Figure 3 amounts of 10, 20, 30 and 40 µL of 
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magnetic nanoparticles had no effect on the formed fibrils, whereas 45 µL and higher showed that fibrils were 
not present in the solution. In this case no gradual absorbance decrease with higher concentrations of 
magnetic nanoparticles was observed. Usually there are several stages of absorbance decrease present 
before the absorbance reaches that of pure Congo red [11,12], although most of the experiments of this kind 
are chemical in nature. Magnetic nanoparticles affect fibrils by dissipating heat and Brownian motion under 
magnetic field influence, which is physical in nature. The mechanism given seems to be more gate-way like 
where certain concentration of magnetic nanoparticles is enough to disintegrate most of the fibrils so that 
almost none are detected by Congo red assay [13]. 
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Figure 2 Absorbances of fibrils stained with Congo Red (black), Congo red stained hyperthermically 

treated fibrils where 45 µL of magnetic nanoparticles were used (green) and Congo red (red). Black line 
exhibits absorbance peak shift to red side with increased absorption at 540 nm 

 
Figure 3 Experimental demonstration of amyloid-like structures using optical microscopy images of fibrils 

stained with Congo red under polarized light (Congo red-stained samples were examined under polarized 
light with a Meiji TechnoTC5400 microscope equipped with Canon EOS 400D camera 
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Figure 4 Absorbances at 540 nm of Congo red-stained hyperthermically treated fibrils where different 

amounts of magnetic nanoparticles were used, comparison with absorbances of control (standard fibrils)  
and pure Congo red. Averages and standard deviations from 6 experiments 

Magnetic nanoparticles are able to cause oxidation of chromogen PDD in presence of hydrogen peroxide and 
the yellow-orange product is detectable by spectrophotometer at 450 nm. Absorbance of this solution rises 
with concentration of hydrogen peroxide. Michaelis-Menten kinetics fit was done to prove enzymatic character 
of this reaction (Hill equation with n fixed to 1 in Origin 8) and is depicted in Figure 5. The KM value was found 
to be 174 mmol·L-1.  

0,00 0,01 0,02 0,03 0,04

10

20

30

40
 

 

nk
at

H2O2 concentration

Equation y=Vmax*x^n/(k^n+x^n)

Adj. R-Squar 0,77445
Value Standard Erro

B Vmax 26,8195 3,48022
B k 0,00524 0,00243
B n 1 0

 
Figure 5 Michaelis-Menten type of kinetics for concentration-dependent detection of hydrogen peroxide. 

Averages and standard deviations for 5 experiments 
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4. CONCLUSION 

In our previous studies we have shown that magnetic nanoparticles can be useful for delivery of various 
synthetic or nutraceutical antioxidants [14,15]. Our new results obtained in this paper imply that functional 
magnetic nanoparticles may offer a promising therapeutic approach to combat neurodegenerative diseases - 
first as a destructor of amyloid plaques, and also due to their inherent peroxidase activity. This shows great 
potential as a replacement of natural enzyme in a brain. 
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Abstract 

In the presented work the simultaneous use of ultrasound in tracking and smart release was investigated. 
Hybrid microparticles based on an iron core coated by a polysaccharide were prepared and loaded with 
doxorubicin. The possibility to trigger and control the release of the payload was demonstrated by application 
of ultrasound cycles at different power and time length. Results clearly indicate a direct correlation between 
the intensity of the release with the two parameters. A preliminary test using Sus Domestic liver demonstrates 
the possibility to visualize the faith of the microparticles after injection at the target site by a linear array 
ultrasound transducer. The dual function of the ultrasound; to visualize the position of the microparticles and 
afterwards trigger the release by changing the frequency was demonstrated offering a great perspective for a 
future biomedical application. 

Keywords: Ultrasound, microparticles, stimuli-responsive release, doxorubicin, iron oxide  

1. INTRODUCTION 

The diagnostic ultrasound, or sonography, represents a well-known imaging method that uses high-frequency 
sound waves to produce images of structures within the body. The images can provide valuable information 
for diagnosing and treating a variety of diseases and conditions. In the last decades a great interest has been 
focused on the use of ultrasound irradiation as external trigger for smart drug release by altering a number of 
parameters including frequency, power density, duty cycles, and application time [1]. It represents an 
innovative approach to addressing unmet clinical needs by providing a minimally-invasive platform for targeted 
delivery of pharmaceuticals [2]. It enables high concentrations of drugs to be deposited at specific locations 
within the body and is a preferred option for non-systemic diseases. This produces more constant and 
controlled drug concentration profiles with favourable pharmacokinetics [3]. 

Herein, the simultaneous use of ultrasound irradiation for detection and trigger the release of the anticancer 
drug doxorubicin (DOX) from a multifunctional system based on a hybrid microparticles was investigated. Iron 
oxide microparticles were modified by diazonium chemistry to improve the surface properties and favouring 
the polymer coat to enhance the stability in solution and the loading capacity. Prepared carrier was 
characterized in terms of dimension, surface charge, stability and loading capacity. The capability to trigger 
the release and control the intensity was evaluated by application of ultrasound cycles at different power (2 
and 20 W/cm2) and time length. The possibility to visualize microparticles by ultrasound technique was 
evaluated using Sub domestic (domestic pig) liver after injection of a physiological solution containing the 
microparticles. The positive results demonstrate the possibility of simultaneos use of ultrasound to detect the 
and trigger the release of the payload at the target site. The prepared system presents promising advantages 
to be considered as a good candidate for a future theranostic application. 
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2. MATERIALS AND METHODS 

2.1. Materials 

The following were supplied by Sigma Aldrich: low-molecular-weight chitosan (CS), (Mw < 104 g/mol, D.D 75-
85%); N-HydroxySuccinimide (NHS); N-(3-Dimethylaminopropyl)-N’-Ethylcarbodiimide hydrochloride (EDC), 
commercial grade, powder; methane sulphonic acid (MSA), N,N-Diethylformamide 99%; tert-Butyl nitrite, 4-
toluenesulphonic acid (p-TsOH); 4-nitroaniline, iron trichloride (FeCl3); sodium borohydride; and doxorubicin 
hydrochloride. C3H6O3 L-Lactic acid, 80% water solution, was purchased from Lachner Neratovice, Czech 
Republic. Sodium chloride, potassium dihydrogen phosphate, sodium carbonate and sodium hydroxide were 
acquired from Penta, Prague, Czech Republic. The C3H6O solvent acetone, sodium hydroxide, sodium 
chloride, sodium phosphate and potassium phosphate were bought from IPL Lukes, Uhresky Brod, Czech 
Republic. Chloroform CHCl3 (HPLC grade), acetic acid CH3CO2H (HPLC grade) and hydrochloric acid were 
purchased from Chromservis, Prague, Czech Republic. 

2.2. Surface modified microparticles preparation, drug loading and characterization 

Microparticles were prepared following the method described elsewhere [4] with some modification. Briefly, 
diazonium salt prepared as reported [5] was dissolved (0.41 g) in 20 ml of distilled water and left under stirring 
for 15 minutes. Meanwhile, 5 ml of FeCl3 (0.16 g) solution in water and 5 ml of NaBH4 (0.08g) water solution 
were mixed under inert gas (N2) for 5 minutes. Then another 5 ml of each solution was added and left under 
mechanical stirring for 10 minutes. Afterwards, the solution containing diazonium salt was added and left under 
stirring for 40 minutes. Microparticles were precipitated using a magnet and washed 3x water, 3x ethanol and 
3x acetone and dried under vacuum. 

The loading and coating process was performed simultaneously. A water solution of doxorubicin (1mg/ml) was 
prepared and mixed with a solution containing chitosan (0.5 mg/ml) in 1% v/v acetic acid. Dried microparticles 
were dissolved in water and mixed with the DOX and chitosan solution and left under mechanical stirring for 
3h to allow the coating. Microparticles were recovered by centrifugation and the amount of DOX-loaded was 
evaluated indirectly by UV-Vis analysis of the supernatant at 480 nm. The presence of the organic coat was 
proved by FTIR-ATR and by total organic carbon analysis. 

Microparticles dimension in distilled water was evaluated by laser diffraction (Mastersizer, Malvern) while the 
potential by dynamic light scattering (Zetasizer, Malvern). 

2.3. Release studies  

To evaluate the possibility to trigger and control the release of DOX by ultrasound application was analysed 
and then, compared to passive release (absence of ultrasound). Two set of microparticles solution (1 mg/ml; 
V: 50 ml; pH 7.4) were prepared, transferred into plastic tubes and incubated at 37ْC. The effect of ultrasound 
on the release kinetics was evaluated by the application of 5 cycles with different power and time length. One 
set of microparticles undergoes cycles of 30 seconds sonication 1MHz (2W/cm2 and 20 W/cm2); while the 
other set was exposed to 5 cycles of 60 seconds each at the same powers. The time between two successive 
cycles was 20 minutes. After each cycle and between two consecutive cycles 3 ml of solution was withdrawn 
and replaced by fresh buffer solution and analysed by UV-Vis spectrophotometer at 480 nm to detect the 
amount of DOX. 

2.4. Visualization  

The possibility to detect the microparticles using ultrasound was investigated using Sus Domesticus (domestic 
pig) liver obtained from slaughter. A stock solution of bare microparticles 5mg/ml was prepared and 1ml injected 
in a designed site of the liver and subjected to ultrasound using a linear array transducer. 
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3. RESULTS AND DISCUSSION 

3.1. Microparticles characterization and drug loading 

Laser diffraction analysis showed microparticles with an average dimension of 10 m with 0.2 PDI and good 
stability in physiological condition up to one week despite the -potential around 12 mV. 

FTIR-ATR and total organic carbon analysis demonstrated the success of the surface modification and coating. 
The presence of the organic layer due to the surface modification and the presence of the polymer coat were 
demonstrated by the representative peaks; i) for CS at 3350 cm-1 (O-H stretch), 2870 cm-1 (C-H stretch), 
1590 cm-1 (N-H deformation) 1060 cm-1 (C-O-C) and ii) 1750cm-1 for C=O of the benzoic acid. Total organic 
carbon analysis displayed an increase in the total organic carbon of 7% and 18% following surface modification 
and coating, respectively.  

UV-Vis evaluation at 480nm demonstrates a high encapsulation efficiency of DOX reaching overcoming 300 g 
of drug per mg of microparticles. 

3.2. Release studies and microparticles visualization 

The enhanced intensity of the DOX releaseafter application of ultrasound could be ascribed to two main 
factors; i) the oscillatory motion of the surrounded fluid which increases the diffusivity of the unbounded drug 
[2] and ii) the distruption of the carrier. However, the second one plays a minor role because in case of 
complete wreackage of the particles a more intense burst would be detected in a narrow time interval. 

 

Figure 1 Effect of different time length and power of US cycles on the release rate of DOX in physiological 
solution (pH 7.4).Ultrasound power A) 2W/cm2 and B) 20W/cm2. Echography of Sus Domesticus liver 

containing microparticles at the injection site C and D. Red arrows indicate the microparticles while blue the 
air bubble 
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The trend reported in the Figure 1 A, B describes the direct relation between the intensity of the release and 
the power and time length of the applied ultrasound. In correspondence of the ultrasound application an 
intensive peak is observed with a magnitude that is proportional to the ultrasound power. The ecographs 
reported in the Figure 1 C, D performed on the Sus Domesticus liver show the possibility to visualize the 
microparticles after injection. Microparticles after injection precipitate and tend to accumulate in a confined 
area close to the injection site. 

4. CONCLUSION 

The use of ultrasound in diagnostic medicine is well-known and a great interest in the smart delivery application 
has been grown. The presented study is focused on the evaluation of possible simultaneous use of ultrasound 
for detection and for trigger the release of the model drug doxorubicin from a hybrid system. Microparticles 
based on an iron core coated by polysaccharides with high loading capacity and stability in physiological 
conditions were developed. The results reveal the ability to visualize the location of the microparticles after 
injection in domestic pig liver and at the same time trigger the release and modulate the intensity by changing 
the power and the irradiation time. The developed microparticles represent innovative systems with great 
potential for future application in drug delivery, in particular for site-specific release of bioactive compounds. 
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Abstract 

Magnetic particles play an important role in modern biomedical applications including targeted drug delivery, 
local embolization of blood veins, hyperthermia etc. Therefore, the development of more effective systems 
with high biocompatibility is of interest for many researchers. Nevertheless, these magnetic systems have to 
meet certain criteria necessary for in vivo applications. We have considered key requirements desired from 
such materials, and we have prepared a promising system based on core-shell particles via surface-initiated 
atom transfer radical polymerization (ATRP). The finest grade of the carbonyl iron particles was used as a 
suitable core and the treatment of its surface in acidic environment ensured the presence of hydroxyl groups, 
which were further coupled with ethoxy groups of (3-Aminopropyl)triethoxysilane. After the functionalization, 
the immobilization of 2-Bromoisobutyryl bromide, which served as an initiator, was performed.  

Finally, the initiator-treated particles were grafted with poly(2-isopropenyl-2-oxazoline) (PIPOx) under ATRP 
conditions as the PIPOx has recently shown a great potential in biomedical applications. The cleaning and 
washing procedures ensured high purity of the product. The reaction conversion, molar mass and dispersity 
of PIPOx grafts were investigated using nuclear magnetic resonance and gel permeation chromatography, 
respectively. The presence of grafted PIPOx was confirmed using Fourier-transform infrared, and energy-
dispersive X-ray spectroscopies. The grafted PIPOx layer had negligible effect on particle magnetization as 
revealed via vibration-sample magnetometry. Synthesized core-shell structures may find utilization as a 
promising material for local embolization or may serve as a drug delivery system due to the presence of PIPOx 
bearing the active sites allowing the drug bonding. 

Keywords: Carbonyl iron, surface modification, atom transfer radical polymerization, drug delivery,  
        embolization, poly(2-isopropenyl-2-oxazoline)  

1. INTRODUCTION 

Magnetic particles with nm or µm dimensions have been recognized as promising materials in modern 
biomedical applications. Considerable research is being directed towards targeted drug delivery systems [1], 
hyperthermia [2, 3], local embolization of blood veins [4], or cell therapy (cell separation and labeling) [5]. For 
such systems the particles must satisfy several demands, including particle size and their distribution, which 
are the key criteria that determine the in-vivo distribution, biological fate or toxicity [6]. Magnetic nanoparticles 
have relatively high cell uptake, higher mobility due to their size when compared to microparticles. However, 
a limitation in particle size exists when approaching the nanometer range due to decreasing magnetization [7]. 
Therefore, the application of larger particles (diameter of 0.5-5 µm) with higher magnetization is necessary. As 
was presented elsewhere, these larger particles may be beneficial especially in drug delivery systems in order 
to target organs lying deep in the body cavity (8-12 cm from the body surface) [8].  

Moreover, the particles used in-vivo have to be protected against reticuloendothelial system in order to prevent 
their degradation [8, 9]. As a suitable approach to enhance stability of the particles is the modification  
of their surface with various polymeric substances such as polyethylene glycol [10], poly(vinyl alcohol) [11], 
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dextran [12] etc. Conventional surface modifications are basically tools lacking a possibility to precisely control 
the thickness of modifying layer in nanometric scale, which can lead to inevitable decrease of particle 
magnetization. This drawback can be eliminated by the synthesis of core-shell particles via atom transfer 
radical polymerization (ATRP) that gives access to polymers with precisely controlled molecular weight, 
relatively low dispersities, defined molecular architecture and diverse functionalities [13]. Recently, we have 
shown that grafting of poly(glycidyl methacrylate) onto the carbonyl iron (CI) particles via surface-initiated 
ATRP had negligible effect on particle magnetization, but at the same time exceptionally improved their stability 
properties and cytotoxicity [14]. 

This study is focused on the synthesis of the CI particles ATRP-grafted with poly(2-isopropenyl-2-oxazoline) 
(PIPOx) as this polymer was found to be non-cytotoxic with no significant effect on the cellular immunological 
parameters [15]. Moreover, PIPOx is of special interest in drug and biomolecule bonding since it is bearing the 
functional groups, which represent an ideal site for coupling with pharmaceuticals. Thus, the design of multi-
functional platform based on the CI particles grafted with PIPOx (CI-g-PIPOx) is presented and verified via 
spectroscopy methods, while the basic requirements such as particle magnetization is investigated, which are 
necessary first-stage testing characteristics from the application point of view. 

2. EXPERIMENTAL 

2.1. Materials 

Carbonyl iron (CI, powder, HQ grade) particles were used as a suitable magnetic core for the preparation of 
intended magnetic carrier. Hydrochloric acid (HCl, 35%, p.a.) aqueous solution was employed as a chemical 
reagent to ensure reactivity of the CI particles. (3-Aminopropyl)triethoxysilane (APTES, ≥98%) provided a 
functionality, while 2-bromoisobutyryl bromide (BiBB, 98%) served as an initiator linked onto the APTES-
treated particles. Initiator bonding was performed in the presence of proton scavenger, triethyleneamine (TEA, 
≥99%). 2-isopropenyl-2-oxazoline (IPOx, 99%), ethyl 2-bromoisobutyrate (EBiB, 98%), N,N,N´,N´´,N´´-
pentamethyldiethylenetriamine (PMDETA, ≥99%), copper bromide (CuBr, ≥99%) and anisole (99%) were used 
as a monomer, initiator, ligand, catalyst and solvent, respectively. All chemicals were purchased from Sigma 
Aldrich (USA) and were used without further purification (except for IPOx). IPOx was distilled prior its use in 
order to remove phenothiazine inhibitor. Tetrahydrofurane (THF, p.a.), acetone (p.a.), ethanol (absolute 
anhydrous, p.a.), toluene (p.a.), and hydrochloric acid (HCl, 35%, p.a.) were obtained from Penta Labs (Czech 
Republic). Deionized water (DW) was used during all experimental processes and washing routines. 

2.2. The CI particle surface pre-conditioning and functionalization 

The surface of the CI particles is under normal conditions covered with a thin oxide layer, which was removed 
in the first step in order to increase its reactivity. Therefore, the CI particles were treated in aqueous HCl 
solution similarly as in reference [16]. Subsequently, they underwent thorough cleaning procedures employing 
DW, ethanol, and acetone as washing agents. The washing process performed via decantation method was 
accelerated using a permanent magnet at the bottom of the beaker. The APTES was used as a modifier of the 
CI surface. The molecules of this organosilane are linked at the CI core by covalent Fe-O-Si bonds, while 
bearing the functionality provided by -NH2 groups. The freshly-oxidized CI particles were dispersed in toluene 
and refluxed at elevated temperature, while the calculated amount of APTES was injected into the system [16]. 
Then, the mixture was let to cool down and thoroughly cleaned in toluene, ethanol and acetone using the 
accelerated decantation method as descried above. 

2.3. Initiator immobilization and synthesis of CI-g-PIPOx entities 

The presence of amine groups on the CI surface were preferably used to be linked with BiBB molecules. In a 
typical procedure [14], the functionalized CI particles (40 g), dried THF (100 mL) and TEA (16 mL) were mixed 
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under argon atmosphere at a temperature of ~5°C ensured by an ice/water bath, while BiBB (8 mL) was drop-
wise added. The product was washed with THF (5x100 mL), and acetone (5x100 mL). The residual acetone 
from as-treated particles was removed by drying the product at mild temperature (40 °C) overnight.  

The BIBB-treated particles (10 g) were transferred into Schlenk flask, which was evacuated and backfilled with 
argon several times. The argon-purged chemicals, namely IPOx (20.00 mL, 190.8 mmol), EBiB (0.2780 mL, 
1.908 mmol), PMDETA (1.593 mL, 763.0 mmol), and anisole (XX mL) were gradually added. The presence of 
oxygen was minimized by degasing the system followed by several freeze-pump-thaw cycles. At a frozen state, 
the CuBr catalyst (273.9 mg, 1.908 mmol) was added as quickly as possible under gentle argon flow. The 
molar ratio of reactants [IPOx]:[EBiB]:[CuBr]:[PMDETA] was [100]:[1]:[1]:[4], while anisole served as a solvent 
in the amount of 50 vol.%. The polymerization process was initiated by immersing the flask into a silicone oil 
bath pre-heated to 60 °C. The reaction was stopped by opening the flask. The product was purified using 
anisole (3x50 mL), ethanol (5x100 mL) and finally with acetone (5x100 mL). The final product was dried 
overnight at 40 °C and stored in a desiccator. 

2.4. Characterization 
1H nuclear magnetic resonance (NMR) spectra were recorded at 25 °C using an instrument (400 MHz VNMRS 
Varian, Japan) with deuterated chloroform (CDCl3) as a solvent. The molar mass and polydispersity (Đ) of 
PIPOx chains were investigated using gel permeation chromatography (GPC) on the GPC instrument (PL-
GPC220, Agilent, Japan) equipped with GPC columns (Waters 515 pump, two PPS SDV 5 μm columns 
(diameter of 8 mm, length of 300 mm, 500 Å + 105 Å)) and a Waters 410 differential refractive index detector 
tempered to 30 °C.  

The samples for NMR spectroscopy and GPC analysis were prepared by their dilution with CDCl3 and THF, 
respectively, followed by the purification process, in which they were passed through a neutral alumina column. 
The dimensions and morphology of bare CI particles as well as their CI-g-POx analogues was examined on 
the field-emission scanning electron microscope (SEM) (Nova NanoSEM 450, FEI, Japan). The instrument is 
equipped with an energy-dispersive (EDS) detector, which provided information about elemental composition 
of the samples. Fourier transform infrared (FTIR) spectra (64 scans, resolution of 4 cm-1) were recorded on a 
Nicolet 6700 (Nicolet, USA) within a wavenumber range of 4000-600 cm-1, while the attenuated total 
reflectance technique with a Germanium crystal was employed. The spectra were recorded at room 
temperature.  

The magnetic properties of both particle variants (samples of approx. 150 mg) were investigated in the external 
magnetic fields in the range of ±15 kOe (±1160 kA·m-1) using a vibrating-sample magnetometer (VSM, Model 
7404, Lake Shore, USA) at laboratory conditions. The amplitude of the vibration was set to 1.5 mm, while the 
vibration frequency was 82 Hz. 

3. RESULTS AND DISCUSSION 

Once the particles are intravenously administered into a living organism, they can be recognized by the host 
immune system and cleared by phagocytes from the circulation [6]. Therefore, the knowledge of modifying 
layer properties on molecular level has significant importance. The attention was paid to analyze the weight- 
(MW) and number-average (Mn) molecular weights, and Đ of PIPOx grafts. As revealed by GPC the 
aforementioned quantities were 2450 and 2600 g·mol-1, while Đ equaled 1.07 implying the uniformity of grafted 
chains. The polymerization was carried out 2 hours, and its conversion was determined by NMR to be 21%. 

The Figure 1 presents the surface morphology of bare CI particles and their PIPOx-grafted analogues. The 
former exhibited quite smooth surfaces, while the latter exhibited rather rougher surface due to the presence 
of PIPOx. This distinctive difference in morphology indicates the successful grafting process. Further, both 
samples showed similar particle dimensions proving the theoretical assumption of PIPOx thickness in 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

492 

nanometric scale. The EDS analysis clarified the surface chemical states of both materials. The bare CI 
particles contained mainly iron (~92.7 wt.%), while the small inclusion of carbon (~5.0 wt.%) and oxygen 
(~2.3 wt.%) can be attributed mainly to contaminants. Admittedly, the CI-g-PIPOx particles were also mainly 
consisted of iron (~90.5 wt.%), however increased amount of carbon (~5.4 wt.%) and oxygen (~2.5 wt.%), and 
the presence of expected PIPOx-related element such as and nitrogen (~1.6 wt.%) emphasized the 
hypotheses of ATRP-modified material.  

 

Figure 1 SEM micrographs of bate CI particles (a) and their PIPOx-grafted analogues (b) 

The presence of the PIPOx grafts on the CI surface was verified also via FTIR spectroscopy. This method was 
used to monitor the individual steps in the particle synthesis including the initiator-treated CI. As seen in 
Figure 2, the differences in the spectra of studied materials were clearly distinguishable. In the spectrum of 
bare CI particles no obvious absorption peaks were detected. On the contrary, the initiator-treated particles 
exhibited increased absorption bands around 1219 and 1056 cm-1, which were associated with the presence 
of O-Si bending and C-O stretching, respectively. An obvious peak at 741 cm-1 was a sign of C-Br group 
originating from the initiator. Finally, the spectrum of the CI-g-PIPOx entities was characterized by enhanced 
absorption levels around 3000 cm-1, which reflected the presence of CH3 and CH2 groups. Additionally, the 
sharp peak at 1650 cm-1 was assigned to be a C=N group from oxazoline ring, while evident peaks at 1011, 
984 cm-1 and finally 936 cm-1 represented typical absorption bands of oxazoline ring. To conclude, the FTIR 
was used as a complementary method to EDS in order to prove the presence of PIPOx grafts. Based on the 
results it can be asserted that the synthesis of CI-g-PIPOx particles can be considered as successful. 

 
Figure 2 FTIR spectra of bare CI particles (a), initiator-treated particles (b) and their PIPOx-grafted 

analogues (c) with denoted characteristic wavenumbers 

As seen in the Figure 3, both investigated particle types exhibited the typical characteristics of soft highly 
magnetic materials. Comparing the VSM spectra, it can be noticed that the magnetization of CI-g-PIPOx 
particles was slightly lower than in the case of original material. However, the decrease was quantified to be 
only ~2.5% at high fields (~1160 kA·m-1) when magnetization approaches the saturation state. The coercivity 
of the particles remained almost unchanged indicating fast demagnetization processes. In general, the 
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magnetic behavior of both materials was almost indistinguishable. Thus, the preserved magnetization of CI-g-
PIPOx particles indicates that modified systems after other necessary tests may find utilization in the 
development of drug delivery systems with particular intention reaching the organs lying deep in the body 
cavity. 

 
Figure 3 VSM spectra of bare CI particles (squares) and their PIPOx-grafted analogues (circles) with 

magnified coercivity (upper-left) and saturation magnetization (lower-right) regions  

4. CONCLUSIONS 

A design and preparation of the CI-g-PIPOx particles via surface-initiated ATRP is presented. Grafted PIPOx 
was characterized in term of its Mn and Đ revealing the values of 2600 g·mol-1 and 1.07, respectively. The 
presence of PIPOx was verified via EDS and FTIR spectroscopies. The magnetization as a key factor for 
practical applications was negligibly decreased (only ~2.5% at magnetic field of ~1160 kA·m-1). System 
described herein based on CI-g-PIPOx particles fulfill the fundamental criteria desired for such systems. 
Hence, after the necessary tests including, but not limited to, cytotoxicity, hemocompatibility etc. they are 
presumed to be promising candidates for the implementation to the next-stage in-vitro studies. 
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Abstract  

It has been studied the changing of spectral characteristics of water-soluble 10 nm detonation nanodiamonds 
(DND) upon their complexation with a globular blood protein: bovine hemoglobin (Hb), human serum albumin 
(HSA) and rabbit immunoglobulin G (IgG) by fluorescence and absorption spectroscopy. The structure of the 
protein globule and its concentration in aqueous solution can significantly affect the complexation with DND 
(2·10-3 g/l) in the process of ultrasonic treatment (42 kHz). In all cases, it was observed when adding the DND 
the increasing of intensity of own luminescence of proteins (em = 330-346 nm) and bathochromic shift of 
protein luminescence bands. The magnitude of the shift of the maximum of protein luminescence bands at a 
protein concentration of 10-11 M was 5, 16, 18 nm, at the concentration 10-5 M - 7, 9, 2 nm for Hb, HSA and 
IgG, respectively. The aggregates’ size of DND was evaluated by AFM method in monocomponent film on the 
glass substrate. The results are of interest for investigations of the dynamic interaction of DND with 
biomacromolecules in vivo. 

Keywords: Detonation nanodiamonds, hemoglobin, albumin, immunoglobulin G, luminescence 

1. INTRODUCTION 

Recently there has been a steady increase of interest in the use of nanoparticles in biology and medicine. One 
of the most promising objects are ultradisperse detonation nanodiamonds (DND) [1-4]. From all carbon 
nanoparticles, DND have the lowest toxicity and are used, for example, to create biosensors, treat tumors, and 
create biocompatible implants. For use in biomedicine, DNDs are of greatest importance, which in complexes 
with biomacromolecules are able to form stable colloidal solutions in an aqueous medium. 

DND possess a number of unique physical and physicochemical characteristics, including pronounced 
chemical stability, a high degree of biocompatibility, a developed surface and, as a result, high sorption 
capacity, the presence of polar oxygen-containing chemical groups on the surface, which ensure their water 
solubility. Furthermore, oxygen-containing groups providing effective binding with amino groups of protein [5]. 
The properties of DND complexes with biomacromolecules can vary significantly depending on the intrinsic 
characteristics of both DND and biomacromolecules. The structural diversity of biomacromolecules and the 
complexity of the environment in biological systems determine the weak investigation the difficulty of 
determining physical and physical-chemical mechanisms of this direction. 

The interaction of DND with biomacromolecules comes not only to adsorption, but leads to the destruction of 
aggregates of DND, with the formation of aggregates of DND-bio objects [1]. Thus, DND are an effective carrier 
of immobilized biomacromolecules due to thermodynamically more advantageous binding to 
biomacromolecules compared to the interaction of DND with each other.  
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In the present work spectral changes in aqueous solutions of the DND’s interaction with three different globular 
proteins: Human serum albumin (HSA), hemoglobin (Hb) and rabbit immunoglobulin (IgG) were studied by 
fluorescence and absorption spectroscopy methods. 

2. MATERIALS AND METHODS 

Lyophilized human serum albumin (HSA), bovine hemoglobin (Hb), and rabbit immunoglobulin (IgG) (Sigma-
Aldrich Co.) and 10nmsized - water-soluble detonation nanodiamonds (Adamas Nanotechnologies) with an 
initial concentration of 1 g / l suspended in distilled water were used. The protein solutions were prepared in 
distilled water with a NaCl content of 0.1 mol / l. Solutions of proteins with concentrations of 10-5 and 10-11 M 
were prepared by successive dilution, then the same amount of DND was added in all cases, so that their 
concentration were 4.10-3 g / l. Thus in all the investigated solutions of mixtures of proteins and DND, 
concentrations of DND and NaCl were constant, only the concentration of proteins altered. Solutions of DND 
mixtures with proteins were ultrasonically processed on a Branson 1510 device (USA), absorption and 
fluorescence spectra were recorded with the spectrometers Shimadzu (Japan) UV-1800 and RF-5300pc. 

3. RESULTS AND DISCUSSION 

Human serum albumin, immunoglobulin and hemoglobin are the main and most studied globular blood 
proteins. The molecular weights of HSA and Hb are close (approximately 67,000 and 65,000 g / mol), the 
molecular weight of the immunoglobulin G exceeds this value by more than two times (about 150,000 g / mol). 
The structures of HSA and Hb can be considered relatively monolithic, whereas the structure of IgG is a set of 
three domains that are movable relative to each other [9]. The structures of serum albumin [10] and hemoglobin 
[11] can be regarded in some approximation as particles of a protein nature with a diameter of approximately 
8 and 6 nm, respectively; the IgG molecule can be represented as a cylindrical formation 24 nm in length and 
transverse sizes from 1.9 to 5, 7 nm. 

The ultraviolet luminescence (UL) of proteins is determined mainly by the presence of tryptophan residues 
[12], whose content in the molecule can differ by more than tenfold: from one tryptophan residue per one 
molecule of serum albumin, to about nineteen per molecule of IgG [13]. Nevertheless, a significant difference 
in the content of tryptophan slightly affects the overall intensity of luminescence of protein solutions of identical 
molar concentrations. In our case (Table 1), the intensity of intrinsic UL of proteins differs by no more than 
20%, and this difference is practically independent of dilution (without adding of DND). We note a noticeable 
hypsochromic shift of its own UL of proteins at 13, 3 and 16 nm upon dilution of the solution for Hb, HSA and 
IgG (Table 1). It is interesting that a decrease in the concentration by several orders leads to an insignificant 
drop in the intensity of UL, by no more than 25%, and the values of the decrease in the intensity of UL are 
practically the same for all the proteins studied. 

Complexation of used proteins with DND leads to no less significant changes in the position of the UL bands 
and their intensity. We note that the largest spectral shifts were observed at low protein concentrations  
(10-11 M): for HSA - 16 nm, for IgG - 18 nm. However, in the case of Hb, the shift in the maximum of the UL 
protein band upon addition of DND at low protein concentrations (10-11 M) was about 5 nm, which is 2 nm less 
than the shift in the case of a protein concentration of 10-5 M (Table 1), which is possible due to the influence 
of the porphyrin group in the hemoglobin. We also note that in the case of low concentrations of Hb, the UL 
has the biggest ignition (about 3 times). It is noted that the structure of the protein during complexation of DND 
undergoes appreciable changes without changing the qualitatively general properties of the protein globule 
[1].  

Globular proteins act as detergents and reduce the degree of aggregation of nanostructures [14], while the 
presence of porphyrin photoactive groups in their composition can lead to a change in the energy transfer 
efficiency in the "protein-nanostructure" complex and to significant changes in the photoluminescence intensity 
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when the structure of the complex is changed [15]. The formation of DND-protein complexes may lead to the 
formation of several types of complexes, differing in the ratio of the components [16], which may make analysis 
of the spectral characteristics difficult. The basic forces involved in the formation of DND complexes with 
proteins are of an electrostatic nature [16], therefore, the ratio of the charge of the surface of proteins and DND 
determines the specificity of their interactions. In [16], it was shown that the size of the DND-HSA aggregates 
in the solution varies significantly depending on the pH of the medium. This can also affect the spectral 
characteristics of the complexes. 

Table 1 Spectral properties of hemoglobin (Hb), human serum albumin (HSA), rabbit Immunoglobulin (IgG)  
  and its mixtures with detonation nanodiamonds (DND): max of ultraviolet luminescence band, its  
  intensity (LI) and the value of change of this characteristics  

 Protein without DND Protein-DND solution The effect of DND adding 

Bathochromic shift, nm 
Enhancing of LI, a.u. (times) 

[Protein], mol/l 10-5 10-11 10-5 10-11 , 10-5 M , 10-11 M 

Hb, max, nm 342.7 329.5 349.5 334.2 6.8 4.7 

Hb, LI, a.u. 2.19 1.67 2.63 5.14 0.44 (1.2) 3.47 (3) 

HSA, max, nm 337.4 334 346.2 350.3 9 16 

HSA, LI, a.u. 2.41 1.85 2.55 2.6 0.14 (1.05) 0.75 (1.4) 

IgG, max, nm 346.2 330 347.6 347.6 1.5 17.6 

IgG, LI, a.u. 2.67 2.02 3.74 3.21 1.07 (1.4) 1.19 (1.6) 

4. CONCLUSION 

Investigations of globular blood proteins (serum albumin, immunoglobulin and hemoglobin) in aqueous 
solutions in the formation of complexes with detonation nanodiamonds showed significant differences in the 
spectral characteristics of complexes depending on the protein concentration and the nature of the protein 
molecule at the same detonation nanodiamond content. Specificity of changes in the spectral properties of 
complexes with different types of globular proteins can serve as a basis for the development of methods for 
their qualitative and, possibly, quantitative analysis. 
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Abstract  

A new original technology of production of PHB hollow microspheres with addition of nanoparticular magnetite 
by carbon dioxide assisted nebulisation drying has been developed. Invertase enzyme (EC 3.2.1.26) was 
immobilised on the microparticles surface by a simple process exploiting hydrophobic interactions. The 
biocatalyst had very good activity and stability after repeated applications for sucrose hydrolysis to glucose 
and fructose. It can be used in effective biocatalytic production of inverted sugar syrup.  

Keywords: Invertase, immobilisation, magnetic microparticles, polyhydroxybutyrate, spray nebulisation 

1. INTRODUCTION  

Invertase is a commercially important enzyme used for the hydrolysis of sucrose. The hydrolysis of sucrose 
yields an equimolar mixture of glucose and fructose, known as invert syrup, is widely used in food and 
beverage industries. This enzyme is also used for the manufacture of artificial honey, plasticizing agents used 
in cosmetics, pharmaceutical and paper industries as well as enzyme electrodes for the detection of 
sucrose [1]. Soluble invertases have been highly used for immobilisation. Invertase was probably the first 
enzyme to be used on a large industrial scale in an immobilised form. Tate & Lile Company used clarified yeast 
autolysate absorbed on bone char for production of the Golden Syrup during World War II, because sulfuric 
acid as the preferred reagent was unavailable at that time [2]. Some of  the gel matrices currently used for 
soluble invertase immobilisation by entrapment is κ-carrageenen, alginate, gelatin, few synthetic polymers [1] 
and other materials, such as polyacrylamide-gelatine carrier system [3], Dowex® anionic exchange resin [4], 
microporous montmorillonite [5], or wood sawdust waste [6].   

Recent interest in nanotechnology has provided a wealth of diverse nanostructured carriers that could 
potentially support enzyme immobilisation due to their potential applications in biotechnology, immunosensing, 
and biomedical areas. Immobilisation of enzymes is advantageous for commercial application due to 
convenience in handling, ease of separation of enzymes from the reaction mixture and reuse, low product 
cost, and a possible increase in thermal and pH stability [7]. Various nanostructures have been examined as 
hosts for enzyme immobilisation via approaches including enzyme adsorption, covalent attachment, enzyme 
encapsulation, and sophisticated combinations of methods [8]. Magnetic particles have been increasingly 
used as carriers for binding proteins, enzymes, and drugs. These smart materials exhibit different types of 
response to external magnetic field. In most cases they can be described as composite materials, where the 
magnetic properties are caused by the presence of iron oxides nano- or microparticles. Such materials are of 
great importance for new scientific and technological applications [9]. Enzyme immobilisation methods, such 
as adsorption, affinity binding, chelation, or metal binding or covalent binding, enable the preparation of 
efficient and stable enzyme bound to magnetic nanoparticles. Enzyme loaded magnetic nanoparticles have 
been reviewed by Seenuvasan, et al. [10]. Magnetic particles have already been used for invertase 
immobilisation, too. Akgöla, et al., immobilised invertase onto magnetic polyvinylalcohol microspheres [11]. 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

500 

Invertase immobilised on magnetic diatomaceous earth nanoparticles with high sucrolytic activity was 
described by Cabrera, et al. [12]. Uzun, et al., immobilised invertase covalently on PAMAM-dendrimer modified 
superparamagnetic iron oxide nanoparticles [13]. Polyhydroxyalkanoates (PHAs) belong among the promising 
materials for enzyme immobilisation. PHAs are a group of water insoluble biodegradace biopolymers. Among 
PHAs, polyhydroxybutyrate (PHB) is a short-chain-length polymer synthesised by bacteria and it is the most 
frequently studied among the PHA polymers [14]. PHB particles or beads have already been used for 
immobilisation of nattokinase [14] and lipases [15.16]. Beran, et al., used PHB nanofibers for immobilisation 
of endoinulinase [17]. In this study we have developed a cheap, simple, and effective method of the 
preparation of PHB magnetic microspheres by a new technology of spray nebulisation drying. Engineering 
efforts of researches of the Food research institute Prague and the Czech Technical University in spray drying 
technologies led to introduction of a demonstrator ATOMIZER. The ATOMIZER demonstrator combines the 
spray drying technology, when the liquid to be dried is atomized by a rotary atomizer, with carbon dioxide 
assisted nebulisation process in an original way. The atomization process takes place in two steps. In the first 
step, primary droplets are produced at the outlet of the rotary atomizer of special construction. In the second 
step, the primary droplets are divided in secondary droplets by the carbon dioxide expansion from the inside 
of primary droplets. The secondary droplets, usually in the form of microbubbles and nanobubles, are rapidly 
dried by warm air stream in a drying chamber at temperatures up to 60 ºC.  

2. MATERIALS AND METHODS 

2.1. Material 

Commercial polyhydroxybutyrate (PHB) Biomer microparticles, Lot T21, were purchased from Biomer 
(Krailling, Germany). Invertase enzyme, >10000 U/g, was purchased from Carolina, USA. Chloroform, 
absolute ethanol, 4- hydroxybenzoic acid hydrazide (PAHBAH), sucrose, magnetite nanoparticles˂ 50 nm, 
sodium azide and other chemicals were purchased from Sigma-Aldrich (Prague, Czech Republic). 

2.2. Production of magnetic polyhydroxybutyrate microparticles by spray nebulisation 

The 2.5 % (w/w) solution of PHB in chloroform was prepared by dissolution of the polymer under reflux at 70 
ºC for 24 h. The magnetite nanoparticles were added to the solution under intensive mixing before drying.  The 
suspensions prepared were dried by the Carbon Dioxide Spray Nebulisation Drying (CASND) process using 
the Atomizer demonstrator (see Figure 1) under following conditions: Liquid flow rate, 10 ml.min-1; Carbon 
dioxide flow rate, 10 ml.min-1; Pressure, 5 MPa; Inlet air temperature, 60 ºC; Outlet air temperature, 48 ºC; Air 
flow rate: 400 m3.h-1.  

2.3. Immobilisation of invertase onto polyhydroxybutyrate microparticles 

Initially, 1 g of PHB magnetic microparticles were soaked into 50 ml of anhydrous ethanol for 30 min at room 
temperature, following a previously published procedure [15,17]. After the swelling step, the excess of ethanol 
was removed and the fibres were washed thoroughly with demineralised water. The washed microparticles 
were incubated in 100 ml of 2 % (w/w) solution of invertase in 5 mM phosphate buffer, pH 7.0, with 0.05 % 
(w/w) sodium azide, under continuous agitation in an orbital shaker (200 rpm) at 30°C for 
12 hours. Finally, the microparticles were washed thoroughly with demineralised water, dried at room 
temperature, and weighed. A neodymium magnet was used to separate the microparticles from the solution. 

2.4. Scanning electron microscopy 

The morphology of PHB microspheres before and after invertase immobilisation was evaluated by scanning 
electron microscopy (SEM). The samples were evaluated in a Phenom G2 scanning electron microscope 
(Phenom-World BV, Eindhoven, Netherlands). 
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2.5. Determination of invertase activity 

Activities of the free invertase and the invertase immobilised on the magnetic microparticles were determined 
by sucrose hydrolysis to glucose and fructose in 5 % (w/w) sucrose solution in 100 mM acetate buffer, 
pH 4.5, with 0.05 % (w/w) sodium acide, under continuous agitation in an orbital shaker (200 rpm)  
at 55 °C. One ml samples were collected in given time intervals. The enzymatic reaction in the samples was 
stopped by boiling the samples for 10 min in a water bath. Standardized Enzymatic Assay of Invertase  
of Sigma-Aldrich (http://www.sigmaaldrich.com/technical-documents/protocols/biology/enzymatic-assay-of-
invertase.html) was used to determine invertase activity, based on the PAHBAH reducing sugar assay. 
Besides the PAHBAH assay, a HPLC method with a refractometric detector was also used for sucrose, glucose 
and fructose determination under the following conditions: Hema-Bio 1000 SB (30 × 3 mm, 10 μm) guard 
columns; Ostion LGKS 0800 Ca form (250 × 8 mm) column; column temperature 80°C; mobile phase 
demineralised water, flow rate of 0.5 ml/min. The HPLC system consisted of Waters 515 pump, In-line degaser 
AF Waters, Autosampler Waters 717 plus and RI detector Waters 2414. 

2.6. Determination of specific activity of the immobilised invertase 

For calculation of the specific activity of the immobilised invertase, protein concentration on the magnetic 
microparticles after the enzyme immobilisation was calculated from the difference between protein 
concentrations in the invertase solutions before and after immobilisation onto the PHB microparticles. 
Absorbance measured at 280 nm using Helios α (Thermo Scientific, USA) spectrophotometer was used to 
calculate protein concentration by comparison with standard curve. Invertase activities were expressed relative 
to the protein concentrations. All the assays were performed in triplicate for each sample. 

2.7. Determination of the biocatalyst reusability 

To evaluate the reusability of the biocatalyst, the magnetic microparticles with immobilised invertase were 
removed from the sucrose solution, washed thoroughly with demineralised water and dried at laboratory 
temperature. The biocatalyst was stored at laboratory temperature and reintroduced into a fresh reaction 
medium.   

3. RESULTS  

3.1. Characterisation of the biocatalyst by SEM 

Figure 2 shows SEM image of the PHB hollow porous microspheres with diameters in the range 0.5 - 20 μm. 
The magnetite nanoparticles are noticeable as small white dots at the surface of the microspheres. No 
morphology change was observed after the enzyme immobilisation.   

3.2. Determination of specific activity of the immobilised invertase 

Time course of sucrose hydrolysis determined by the HPLC method is shown in Figure 3. Figure 4 shows 
separation of the biocatalyst with neodymium magnet. The full line in the Figure 5 shows a linear time course 
of reducing sugars production from sucrose by the freshly prepared biocatalyst. The activities of the free and 
immobilised invertase enzymes were calculated from the line slopes. The activity of the original free invertase 
was 18520 ± 382 U/g. Protein concentration in the biocatalyst was 4.15 ± 0.12 % (w/w). The specific activity 
of the immobilised invertase was 21569 ± 412 U/g. Immobilisation of the enzyme onto the PHB magnetic 
microspheres increased the specific activity by 16 %.  
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                       Figure 1 Demonstrator Atomizer Figure 2 SEM image of of the PHB 

microspheres with magnetite 
nanoparticles 

   
Figure 3 Time course of sucrose hydrolysis Figure 4 Separation of the biocatalyst with 

neodymium magnet 

 
Figure 5 Time course of reducing sugars production. Full line: First experiment 

Dashed line: Repeated usage of the biocatalyst after 112 days 
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3.3. Determination of the biocatalyst reusability  

The dashed line in the Figure 5 shows a linear time course of reducing sugars production from sucrose by the 
reused biocatalyst after 112 days of storing at laboratory temperature. The specific activity of the immobilised 
invertase in the reused biocatalyst was 19,318 ± 296 U/g. The relative decrease of the specific activity was 
10.4 % in comparison with the freshly prepared biocatalyst. 

4. DISCUSSION 

Immobilisation of the enzyme onto the PHB magnetic microspheres increased the specific activity by 16 % in 
comparison with the free enzyme. Increase in the specific activity after immobilisation is not unusual and can 
be explained by conformation change and stabilization of the enzyme. However, the immobilisation of invertase 
in alginate capsules resulted in decrease of relative activity by 13 % [18], immobilisation into polyacrylamide-
gelatin carrier by 21 or 28 % [3], entrapment in polyvinyl alcohol hydrogel capsules by 14 % [19]. The retained 
activity of invertase immobilized on the magnetic polyvinylalcohol microspheres crosslinked by glutaraldehyde 
was 74% [11]. Cross-linking of invertase on aminoalkylsilylated magnetite with glutaraldehyde resulted in low 
yield due to the inactivation of the enzyme. However in the presence of 1% sucrose, the total activity recovered 
was 79% of the initial activity and the preparation contained 4.4 mg/g of active invertase [20]. A residual specific 
activity of invertase immobilised onto magnetic diatomaceous earth nanoparticles equalled to 92.5 % [12]. 
Crosslinking agents usually inactivate enzymes by denaturation, at least partially. Moreover, toxic properties 
of most of the crosslinking agents can limit utilization of the biocatalysts for food production. Activities of the 
immobilised were usually quite stable during storage in the range 1 - 8 moths and repeated usage [3, 5, 12, 
18, 19, 21, and 22]. Immobilised samples were used 20 [3] or 25 [5] times without a considerable loss of 
activity. 

5. CONCLUSION 

Simple and cheap technology of production of the biocatalyst in the form of PHB hollow porous microspheres 
containing magnetite nanoparticles has been verified at pilot-plant scale. The PHB magnetic microspheres can 
be used for the immobilisation of a wide range of different enzymes in an easy way, without necessity of 
chemical crosslinking. The biocatalyst described in this paper has very good activity and stability after repeated 
applications. It can be used for the production of inverted sugar syrups. The magnetic particles can be easily 
manipulated in response to external magnetic field. Repeated separation and washing can be achieved using 
a simple, inexpensive magnet.    
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Abstract 

Platinum-based cytostatic represent a unique class of DNA-damaging antitumor agents and they are one the 
most frequently used drugs in oncology. Problem is that some kind of cancer is resistant against this type of 
cytostatics. This resistance can be potentially caused by metalloproteins such as metallothioneins. MTs belong 
to the group of intracellular cystine-rich, metal-binding proteins and hold a number of functions in body. One 
of them is detoxification of heavy metals. This ability of MTs can cause a decreased therapeutic effect of 
platinum-based cytostatics. In this work, the interaction between two isoforms of MTs (MT3 and MT2a) and 
several types of platinum cytostatics (oxaliplatin, carboplatin and cisplatin) as well as platinum nanoparticles 
(size of 10 and 40 nm) was examined by fluorimetric analysis using a fluorescence zinc indicator (Fluozin-3). 
Both, stationary fluorescence spectrometry and capillary electrophoresis with laser-induced fluorescence 
detection (ex - 488 nm, em - 530 nm) was used in the study.  

Keywords: Platinum, nanoparticle, cytostatics, fluorescence, metalloprotein 

1. INTRODUCTION 

Platinum-based cytostatics play an important role in the treatment testicular, ovarian, lung, bladder, head, neck 
and cervical cancer [1], [2]. In this work three platinum-based cytostatics (cisplatin, carboplatin and oxaliplatin) 
that have found application in clinical practice, will be observed. The effect of these drugs is not fully understood 
but assumed that it is based on interaction of platinum with DNA and formation of DNA adducts with 
subsequent triggering the apoptosis leading to cell death [3]. These cytostatic have some disadvantages, 
which includes the undesirable secondary effects, that are caused by that the effect of cytotoxic agents is not 
limited to cancer cells but also affects healthy tissue with a high frequency of cell division. Another big problem 
is that some types of tumours report a resistance against them. This resistance is probably caused by 
metallothioneins (MTs) [4].  

MTs are a group of intracellular metal-binding and cysteine rich proteins, which consist from two domains  
(α, β). These proteins are present in almost all forms of life. Nowadays, it is known that mammals express at 
least four isoforms of MT (MT1-MT4) that are consist of 61-68 amino acids, and among them, 20 are cysteines 
[5]. Between individual isoforms are differences that are caused mainly from post-translational modifications, 
small changes in primary structure, or speed of degradation. Differences are also in their presence in individual 
organs. Meanwhile MT1 and MT2 are present almost in all types of soft tissues, MT3 is expressed mostly in 
brain tissue, but also in kidneys, heart and reproductive organs and the MT4 gene was detected in some 
epithelial cells. MTs are participating to maintaining homeostasis of zinc in tissues and detoxification of 
organism against heavy metals such as cadmium or lead. Presumably these proteins are binding platinum to 
their structure and make the interaction with DNA of cell impossible [6]. 
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Promising material for future cancer therapy are platinum nanoparticles. There is a theory that PtNPs release 
Pt2+ as a result of weakening of strength of the Pt-Pt bond in acid environment of carcinoma cells. Released 
Pt2+ create complex Pt-DNA and causing time-dependent apoptosis [7]. However, the mechanism of 
cytotoxicity has never been proved. Use of PtNPs seems to be an appropriate solution for the problem of 
resistance of some cells against platinum-based cytostatics [8]. 

2. MATERIALS AND METHODS 

2.1. Chemical 

All chemical used for prepare platinum nanoparticles and all chemicals used for electrochemical detection 
were purchased from Sigma-Aldrich (USA) in ACS purity. N-[2-(2-{2-[bis(carboxy-methyl)amino]-5-
methoxyphenoxy}ethoxy)-4-(2,7-difluoro-6-hydroxy-3-oxo-3H-xanthen-9-yl)phenyl]glycine (FluoZin-3) was 
purchased from Labeling and detection (USA). HEPES was obtained from Merck KGaA (Germany). 
Both proteins (MT2, MT3), all metals (zinc, platinum and lead) and cisplatin were purchased from Sigma-
Aldrich (USA). Carboplatin and Oxalplatin were purchased from Teva (CZ). Chelex 100 Resin was from BIO-
RAD (USA). 

2.2. Electrochemical detection 

MT was determination by differential pulse voltammetry (DPV) The measurement was performed with 663 VA 
Computrace instrument (Metrohm, Switzerland), using a standard cell with three electrodes (working electrode 
- hanging mercury drop electrode with a drop area of 0.4 mm2, the reference electrode - Ag/AgCl/3M KCl 
electrode and auxiliary electrode - glassy carbon electrode). For data processing 663 VA Computrace software 
from Metrohm CH was employed. For deoxygenation of analyzed samples was used purging with argon 
(99.999%). The Brdicka supporting electrolyte containing 1 mM [Co(NH3)6]Cl3 and 1 M ammonia buffer 
(NH3(aq) + NH4Cl, pH = 9.6) was used. The supporting electrolyte was exchanged after each analysis. The 
parameters of the measurement by differential pulse voltammetry were as follows: initial potential of −0.7 V, 
end potential −1.8 V, deoxygenating with argon 90 s, deposition 120 s, time interval 0.2 s, step potential 1.95 
mV, modulation amplitude 25 mV, and modulation time 0.57 s. For electrochemical measurement the volume 
of injected sample was 10 µL and volume of measurement cell 2 mL (10 µL of sample + 1990 µL ammonium 
buffer). All measurements were carried out at temperature 6 ± 1 °C [9]. 

2.3. Capillary electrophoresis (CE) 

Samples were analyzed by CE (Agilent technologies, Waldbronn, Germany) with laser-induced fluorescence 
detector (ZetaLIF, Picometrics, Toulouse, France) with solid-state laser (λem = 488 nm) as an excitation 
source. Fused silica capillary with internal diameter of 75 μm and with the total length of 64.5 cm and effective 
length of 56 cm was used. The sample was introduced hydrodynamically by 50 mbar for 5 s and separation 
voltage of 25 kV was applied, 80 mM HEPES (N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid) buffer pH 
7.4 with 1.5 µM FluoZin-3 was used as an electrolyte. Prior to the analysis, the capillary was washed for 240 s 
by NaOH, 240 s by 80 mM HEPES pH 7.4 and then filled for 150 seconds by 80 mM HEPES pH 7.4 with 1.5 
µM FluoZin-3. Concentrations of both isoforms of MTs were 100 nM and concentration of platinum-based 
cytostaics and cadmium were 1 uM. 

2.4. Preparation of platinum nanoparticles  

Platinum nanoparticles were prepared by dissolving PtCl4 (0.034 g) in acidic water (5 mL) with 16 μL of 37% 
HCl. The solution of PtCl4 (5 mL) was added, with stirring, to another solution of 0.135 g PVP in water (45 mL). 
The mixture was stirred for 1 hour at temperature 25 °C. After the addition of NaBH4 (50 mg) the final color of 
the solution became black. The mixture was stirred overnight [2]. 
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2.5. Sample preparation 

For comparison of interaction between both MT isoforms 5 µl 60 nM protein in MiliQ water was used. 3 µM 
Fluozin-3 (Fluozin-3 was prepared in 100 mM HEPES, pH 7.4) was added followed by 5 µl of 800 nM metal 
ion in MiliQ water. Reaction of MT with metal (e.g. Pt2+, Pb2+ and other) led to release of zinc. Released zinc 
was detected by Fluozin-3 (Zn2+ selective fluorescent indicator). Fluorescence of FluoZin-3 and Zn2+ was 
measured at 25 °C by an Plate reader Infinite® 200 PRO-Tecan (Switzerland) using a NanoQuantPlate 
(Tecan). 

3. RESULTS AND DISSCUSION 

3.1. Confirmation of actual protein concentration  

In this study, the series of experiments concentrated for finding differences in binding affinity of two isoforms 
of MT to various platinum species (ions, Pt-based cytostatics, as well as Pt nanoparticles) has been done. 
These experiments were based on interaction of FluoZin-3 and zinc realized from the protein. FluoZin-3 is used 
very broadly in life sciences as intra- and extracellular fluorescent chelator selective for Zn2+ ions at physiological 
concentrations. By this method is possible to prepare calibration curve of zinc (Figure 1A). Linear dependence 
in Zn concentration on fluorescent signal of FluoZin-3 was observed exhibiting the coefficient of determination 
R2 = 0.9976.  

 
Figure 1 A) calibration curve of zinc, B) calibration curves of MT2A and MT3, C) Verification of protein 

concentration performed by electrochemistry 
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Afterward, this method was used for detection of zinc released from MT. Each MT contains seven atoms of 
zinc in its structure. This zinc can be released by interaction with another metal ion with higher affinity (e.g. 
Pt2+, Pb2+ etc.). In this experiment, Pb2+ was used for release of zinc from MT. Released zinc was detected by 
interaction with Fluozin-3. By this interaction, it is possible to prepare calibration curves of both MT isoforms 
(Figure 1B). From calibration curves is noticeable that MT3 is giving higher zinc signal compared to MT2. It is 
possible that this difference is caused by distinct primary structure or different function in body. While MT2 is 
present almost in all types of soft tissues, MT3 is occurring predominantly in brain. It is probable that MT3 
plays a special role in brain zinc metabolism and therefore it is expected that it has to be able to release zinc 
flexibly upon certain stimulus. These results are in agreement with previous study of Sweden scientists [10].  

Verification of concentrations of both isoforms of MT was carried out by DPV. As can be seen in the 
(Figure 1C) the concentration of both isoforms detected in the stock solutions was same (6.5 µM).  

3.2. Study of reaction between MTs and platinum based cytostatics using fluorescence 
spectrometry and capillary electrophoresis 

In next part of this study, the reaction between both isoforms of MTs and different types of platinum-based 
cytostatics (cisplatin, carboplatin, oxaliplatin) was examined by using two methods - fluorescence spectrometry 
(Figure 2A) and CE with laser-induced fluorescence detection (Figure 2B). The reaction of platinum-based 
cytostatics with both isoforms of MT led to the release of zinc that was detected by  
FluoZin-3. As can be observed in both cases, the amount of released zinc was higher in case of MT3. 
Furthermore, it was observed that metal ions reacted with MT more intensively than platinum-based 
cytostatics. It is possible that it is caused by larger size of platinum drugs in the comparison with ions. From 
acquired data is seen that carboplatin the highest intensity of interaction from studied platinum-based 
cytostatics with MT reports. Carboplatin is second-generation of platinum drugs that produce less severe side-
effect than cisplatin [11]. Although carboplatin forms the same bio-functional adducts as cisplatin, their 
formation is different and it is much slower. It was found that cisplatin-based chemotherapy is slightly superior 
to carboplatin-based chemotherapy [12]. So it is possible that lower effectivity of carboplatin is caused by easer 
interaction with MT resulting in inactivation of the drug. 

 
Figure 2 Interaction between platinum-based cytostatic and lead with both isoforms of metallothionein using 

fluorescence spectrometry (A) and CE (B) 
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3.3. Study of reaction between MTs and PtNPs 

In the last part of this study, the reaction between both isoforms of MTs and two types of platinum nanoparticles 
of different size (40 and 10 nm) was studied and compared. As can be seen in (Figure 3), the nanoparticles 
with smaller size (10 nm) interact with both isoforms of MTs with higher intensity than the bigger ones (40 nm). 
These results are in agreement with other studies [2]. Higher reactivity of smaller nanoparticles maybe 
connected with their higher ratio of surface to volume. There is a possibility that smaller PtNPs have higher 
tendency to decay and release bigger amount of platinum ions than the bigger ones because they have higher 
ratio of surface area to volume. The bigger amount of released platinum ions interacts with MT and it is the 
reason of higher of interaction. It is probable that PtNPs would create in the cell a source of ions which would 
constantly attack DNA and cause of apoptosis in a long-term horizon. Therefore, it may be advantageous in 
comparison with conventional platinum-based cytostatics. However, confirmation of this theory would require 
further research especially in vivo. 

 
Figure 3 Comparison of interaction between MT isoforms with PtNPs of different size (10 and 40 nm) 

4. CONCLUSION 

It was established that the interaction of MT3 isoform with either platinum-based cytostatics or PtNPs caused 
the release of higher amount of zinc ions in comparison to isoform MT2. The difference of affinity of zinc of 
both isoforms of MTs is probably caused to the different role in organism. 

Also differences between the particular cytostatics (cisplatin, carboplatin, and oxaliplatin) in the ability of zinc 
release were observed. From acquired data is seen that the highest ability to release zinc ions was observed 
in case of carboplatin. Although the carboplatin create the same adduct as cisplatin the formation of bio-
functional adduct is different and in the case of carboplatin is much slower. The different of creation of bio-
functional adducts maybe the cause of easier interaction of carboplatin with MT. 

Next, the interaction between two types of nanoparticles with different size (10 and 40 nm) with both of isoforms 
of MT was investigated. It was found that smaller PtNPs react with both isoforms of MT with higher intensity 
than the bigger ones. This phenomenon is probably caused by easier of released of platinum ions from smaller 
platinum nanoparticles due to high ratio of surface area to volume of smaller particles. 
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Abstract  

Cisplatin (cis-diamminedichloroplatinum II) is cytostatic currently used in the treatment of a various type of 
solid tumors, including cancers of the ovary, testis, bladder, head and neck, lung, cervix and endometrium. 
The health effects of platinum are strongly dependent upon the kind of bonds that are shaped and the exposure 
level and immunity of the person that is exposed. An in vivo interaction study was performed as a comparison 
of amino acid profiles in chicken embryo tissue before and after application of cisplatin and two platinum 
nanoparticles covered with polyvinylpyrrolidone. We found that cisplatin directly influences kidney amino acid 
representation even at low concentrations. In addition, we performed an interaction study that resulted in the 
determination of breaking points for each of analyzed amino acids. Proline, leucine, valine, serine, glutamine 
and isoleucine were determined as the most sensitive amino acids. Additionally, we compared amino acid 
profiles of liver and kidney before and after exposure to cisplatin and platinum nanoparticles. The amount of 
amino acids after interaction with cisplatin and platinum nanoparticles was significantly reduced (p ˂ 0.05). 
This fact points at an ability of cisplatin and Pt nanoparticles to induce changes in quantitative composition of 
amino acids in chicken tissues. Moreover, this confirms that the interactions between cisplatin, platinum 
nanoparticles and amino acids may act as another factor most likely responsible for adverse effects of cisplatin 
and platinum nanoparticles on chicken embryo tissues. 

Keywords: Kidney, liver, toxicity, amino acids, ion-exchange liquid chromatography, platinum nanoparticles 

1. INTRODUCTION  

Nowadays, Cisplatin is one of the most widely used anticancer drug [1]. Related toxicities are dose-dependent; 
these may be more pronounced in the setting of a cisplatin overdose, resulting in significant morbidity and/or 
mortality [2]. Cisplatin is used to treat different kinds of malignancies, including ovarian, cervical, head and 
neck, esophageal and non-small cell lung cancer [1]. The incidence of cisplatin overdoses is unknown; 
however, early-phase clinical trials utilizing high-dose cisplatin and case reports in the overdose setting have 
characterized clinical features associated with cisplatin overdoses, highlighting some therapeutic strategies for 
consideration [3]. The major toxicities of cisplatin overdose include nausea and vomiting, renal insufficiency, 
electrolyte abnormalities, myelosuppression, ototoxicity, peripheral neuropathy, hepatotoxicity and 
retinopathy. Diarrhea, pancreatitis, seizures and respiratory failure have also been reported [4].  

DNA repair is an important mechanism for resistance to platinum-based therapy and possibly the development 
of neurotoxicity [5]. Cisplatin, mitomycin C, and ecteinascidin form a covalent linkage with DNA and stabilize 
the double helical structure [6]. If the cell is able to repair the DNA attacked by the platinum agent, then that 
agent will be unsuccessful in inducing apoptosis [7]. It is known that cisplatin is significantly taken up in human 
liver and those high doses of the drug produce hepatotoxicity [8, 9]. Little is known about the mechanism of 
cisplatin induced liver damage, although apoptotic lesions seem to characterize the damaged liver 
parenchyma. Due to negative side effects of cisplatin, it is necessary to develop a new potential platinum 
based drug with high efficiency and low side effects. On the other hand, application of platinum nanoparticles 
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(PtNPs) leads to increased selectivity for tumor tissue, while lowering the side effects [10]. Excellent properties 
of PtNPs are reflected in the possibility of surface modification with various bioactive groups [11]. It is reported 
that PtNPs possess capacity to pass the cell membrane without limitation [12], and also to induce DNA 
damage, increase the cellular glutathione and genotoxic stress [13].  

Nevertheless, the effect of applied PtNPs and their behavior inside the organs are still unclear. Amino acids 
play a crucial role in the function of liver, especially branched-chain amino acids (BCAA), which have the main 
role in prognosis of hepatocellular carcinoma (aHCC) [14]. However, the relevance of amino acid metabolism 
in the general population suffering from kidney and liver diseases still remains poorly elucidated [15]. The 
present study is a continuation of the earlier work, which was carried out to assess the cytotoxicity of PtNPs 
[16]. This study is focused on investigation of interactions between fundamental amino acids contained in liver 
and kidney of chicken embryo, before and after exposure to cisplatin by ion-exchange liquid chromatographic 
(IELC). However, the most important aims of this study were comparison of content and representation of 
amino acids in chicken embryo (liver and kidney), before and after treatment with synthesized platinum 
nanoparticles (PtNPs-10 and PtNPs-40), as potential replacement for toxic cytostatic cisplatin. Also the 
breaking points were determined, the critical amount of cisplatin and platinum nanoparticles sufficient for 
formation of mutual complexes for each amino acid. 

2. METHODOLOGICAL BASES AND EXPERIMENTAL PART 

2.1. Synthesis and characterization of platinum nanoparticles (PtNPs-10, PtNPs-40) 

Platinum nanoparticles were produced using protocol published in our previous work [16]. Synthesis of 
platinum nanoparticles was conducted by mixing 0.07 g of PtCl4 (Mr = 336.89) with addition of 33 μL of 37% 
HCl, followed by addition of 0.14 g of polyvinylpyrrolidone with different molecular weight PVP-10k and PVP-
40k. Then 5 mL of H2[PtCl6] was added and the mixture was stirred for 1 h. Finally, reduction was done by 
adding 50 mg of NaBH4, and keeping the solution for 2 h under stirring. Prepared PtNPs were stored in dark 
at 4 °C. Resulting platinum nanoparticles were photographed using Tecnai F20 TEM (FEI, Eindhoven, 
Netherlands) at 120 kV. The average particle size and size distribution were determined by particles size 
analyzer (NANO-ZS, Malvern Instruments Ltd., Worcestershire, U.K.).  

2.2. In Vivo distribution of cisplatin, PtNPs-10 AND PtNPs-40 

The fertilized eggs of Lankenfeld roosters and ISA Brown hens (Integra, a.s., Czech Republic) were incubated 
in the incubator RCom 50 MAX (Korea) with temperature (37.5°C) and humidity control (55% rH). After ten 
days of the incubation the vitality of embryos was checked by digital egg monitoring system Avitronics (Vetronic 
services, England). The solution of PtNPs-10, PtNPs-40 and cisplatin (100 µL; 0, 3.5, 7.5 and 15 µg/mL) was 
applied through small hole in egg shell into the air cell on the chorioallantoic membrane using Chirana T. 
injection (maximal volume: 1 ml, size: 0.33 x 12 mm). The hole was covered with paraffin. After 10 days of the 
incubation the liver and kidney were analyzed. 

Ethics Committee of Mendel University approved animal experiment according to resident governmental 
legislation. Reference number of accreditation is 57890l20l2-MZE-I7214. To minimize the distress, an opening 
into the air cell of the egg was made and the egg was placed into a chamber with inhaled anesthetics for 10 
minutes. 

2.3. Determination of content of amino acid in liver and kidney by IELC 

The determination of AA content in liver and kidney before and after application of cisplatin, PtNPs-10 and 
PtNPs-40 was done by ion-exchange liquid chromatography (Model AAA-400, Ingos, Prague, Czech Republic) 
with post column derivatization by ninhydrin and an absorbance detector in the visible light range (VIS).  
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3. RESULTS AND DISCUSSION 

PtNPs synthesis was conducted using two polymers (PVP-10k and PVP-40k), with different chain size as 
capping agent for stabilization of particles and reducing of toxicity effects. The morphology, size and zeta 
potential of tested platinum nanoparticles were conducted by transmission electron microscopy (TEM) and 
dynamic light scattering (DLS). Synthetized PtNPs have spherical shape with single particle size around 10 
nm in the case of PtNPs-10 and 13 nm for the PtNPs-40 as shown in Figures 1A and 1C. The TEM images 
show that spherical particles are formed in the case of both PtNPs. Dynamic light scattering (DLS) was applied 
for characterization of size and potential of tested PtNPs (Figures 1C and 1D). DLS measurement confirms 
results obtained from TEM, where average size of PtNPs-10 was found to be 10 ± 2 nm, while PtNPs have 
average size 13 ± 3 nm. We found that PtNPs-10 have zeta potential at -10.6 mV (Figure 1C), while PtNPs-
40 have zeta potential at -3.5 mV (Figure 1D), clearly indicating lower colloidal stability and formations of 
aggregates.  

 

Figure 1 The characterization of PtNPs; A) TEM images of PtNPs-10; B) Size distribution and zeta potential 
of PtNPs-10; C) TEM images of PtNPs-40; D) Size distribution and zeta potential of PtNPs-40 

This study was focused on the investigation of cisplatin, PtNPs-10 and PtNPs-40 change effect to the amino 
acids profile in liver and kidney. Amino acids show high affinity for platinum compounds, which makes them 
an important biomarker for study of the action and side effects of platinum based drugs [17]. Cisplatin also 
shows high affinity for cysteine, in order to increase the rate of platinum-DNA binding [18]. However, it is well 
known that cisplatin is highly toxic for liver and kidney [19]. Nevertheless, the effect of applied PtNPs and their 
behavior inside the organs are still unclear.  
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Due to that it was decided to treat the chicken embryo with alternative platinum drugs PtNPs-10 and PtNPs-
40, in order to observe the interaction and binding of amino acids in liver and kidneys after treatment with 
platinum based drug. It was found that in the case of kidneys all amino acids increase their concentration with 
increasing concentration of cisplatin (Figure 2 A). Comparing control results with results obtained after 
application of PtNPs-10 and PtNPs-40 (Figures 2B and 2C), it is clear that increasing rate of amino acids was 
found only in the case of highest applied concentration of 15 μg/mL. On the other hand, it is obvious that 
cisplatin treatment increases level of amino acids more than treatment with PtNPs. Fleck et al [20], reported 
that the increasing rate of amino acids was apparently mediated by nephrotoxicity via the metabolism of a 
glutathione-platinum conjugate to a cysteinyl-glycine-platinum conjugate, rather than by mobilization of amino 
acids from tissues.     

 
Figure 2 Comparison of amino acids level in chicken kidney before and after application of cisplatin, PtNPs-
10 and PtNPs-40 in different concentration of 0; 3.75; 7.5 and 15 μg/mL. (A) Chicken tissue kidneys before 

and after application of cisplatin; (B) chicken tissue kidneys before and after application of PtNPs-10;  
(C) chicken tissue kidneys before and after application of PtNPs-40 

In the case of liver, results show that increasing rate of amino acids was found only in the case of highest 
applied concentration of 15 μg/mL. Significant increase of amino acids was found in the case of asparagine - 
14.1 μg/mL, glutamic acid - 32.7, serin - 9.5 μg/mL, glycine - 36.4 μg/mL, alanine - 21.8 μg/mL, tyrosin - 13.2 
μg/mL and histidine - 22 μg/mL after treatment with cisplatin comparing with control. (Figure 3A). After 
application of PtNPs-10 (Figure 3B), the significant increase was found in the case of glutamic acid, glycine 
and histidine. The similar results were also obtained in the case of PtNPs-40 (Figure 3C). Metal-catalyzed 
oxidation is the most common mechanism for proteins oxidation, where metal can bind protein metal binding 
site, leading to increase of hydroxyl radical after their interaction with hydrogen peroxide. In that case, amino 
acids can be modified directly via side chain reaction with ROS [21]. It was supposed that oxidation of protein 
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is the main reason for increasing level of amino acid in liver sample. However, a research on protein level is 
necessary to confirm our conclusion.  

 
Figure 3 Comparison of amino acids level in chicken liver before and after application of cisplatin, PtNPs-10 

and PtNPs-40 in different concentration of 0; 3.75; 7.5 and 15 μg/mL. (A) Chicken tissue liver before and 
after application of cisplatin; (B) chicken tissue liver before and after application of PtNPs-10; (C) chicken 

tissue liver before and after application of PtNPs-40. 

4. CONCLUSION 

In this study, it was attempted to determine that cisplatin, PtNPs-10 and PtNPs-40 induce formation of 
complexes with amino acids in liver and kidney of chicken embryos. Possible formations of complexes may 
play an important role in the adverse effects of cisplatin and platinum nanoparticles. We also carried out 
comparison of the quantitative representation of amino acids in chicken tissues, such as liver and kidney before 
and after application of cisplatin and nanoparticles. It is important to reveal if cisplatin and platinum 
nanoparticles induced damage leads to alterations of development of neurotoxicity and if there is any chance 
to recognize the progressive and reversible damage. For these purposes we have plans to carry out next in 
vivo experiments in the future, in order to further explore this phenomenon.  
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Abstract  

Paper tests are very cheap and fast diagnostic tools for self-testing in a wide range of health problems. Thus, 
the diagnostics of tumor development is of a great medical and socio-economic significance. Malignant 
prostate cancers are the most common malignancy in men. Procedures have been developed to diagnose this 
disease based on the monitoring of tumor marker molecules. Most commonly, PSA and fPSA are used.  
Although these tumor markers are significantly increased, the cancer at the biopsy is not always confirmed. 
Thus, the finding of other marker molecules is urgently needed. Recent studies have shown that changes in 
content of the amino acid sarcosine are associated with prostate tumours. Polyclonal chicken antibodies 
against sarcosine (AntiSar) were prepared. AntiSar antibodies were labelled with gold nanoparticles Au20 (size 
20-30 nm, zeta potential - 38 mV) and CdTe QDs (emission 530 green QDs and 650 nm yellow QDs). Dot blot 
and flow lateral chromatography were used to develop a newly designed sarcosin detection procedure. The 
aggregation or fluorescence intensities were evaluated by newly designed software. Sarcosine was analysed 
in a concentration range (0-150 μM) in PBS, artificial urine and urine sample buffer. The calibration curves 
obtained in the concentration range (0-12 μM) were strictly linear (R2 = 0.99) with a relative error of 10%. Using 
the proposed methods sarcosine concentrations as low as 250-500 nM were analysed. Moreover, the results 
obtained show a higher sensitivity (by 20-40%) of sarcosine detection using QDs in comparison with using 
gold nanoparticles. 

Keywords: Sarcosine, prostate cancer, flow lateral chromatography, CdTe QDs, gold nanoparticles,  
        nanomedicine 

1. INTRODUCTION     

Tumor diseases are a very common cause of death in developed countries. The nonproteinogenic amino acid 
sarcosine is involved in the metabolism of amino acids and methylation processes. A study on urinary sarcosin 
levels has been performed in patients with a diagnosed prostate cancer [1-3]. Detection of sarcosine by a 
variety of methods (HPLC, GC / MS) has been described [4]. In some studies, an enzymatic method using 
sarcosin oxidase was described for sarcosine determination [5,6]. At present, there is an increasing interest in 
introducing a simple urine sarcosin test. The analytical techniques described above, such as HPLC, 
microfluidic systems, spectrophotometry (GC / MS), are sensitive but time-consuming and require complicated 
sample preparation, unlike the ELISA method. This analytical method is used to quantify different antigens 
based on antigen-antibody interactions [7]. ELISA method is commonly used in clinical-diagnostic laboratories 
to determine a wide range of analytes using specific antibodies. Antibodies isolated from egg yolks (IgY) of 
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immunized chicken are a suitable alternative to commonly used mammalian antibodies. The main advantages 
of IgY are: greater amounts of IgY obtained after immunization, better reproducibility of antibody formation in 
a long run production, and improved responsiveness of the bird's immune system to mammalian antigens [8]. 
Gold nanoparticles (AuNPs) have long been used as a suitable tool for molecular biological experiments [9]. 
In addition, with the rapid development of nanotechnology, gold nanoparticles and quantum dots (QDs) are 
used as one of the main biomolecular carriers in nanomedicine and biosensor applications [10-12]. In the 
forefront of interest also reaches LFIA test (Lateral Flow Immuno Analysis) which principle is a combination of 
chromatography and immunoaffinity reactions. The aim of this work was to utilize polyclonal chicken antibodies 
for the detection of sarcosine on the nitrocellulose membrane.  

2. MATERIAL AND METHODS   

Chemicals: Chicken polyclonal antibodies were obtained from the company Hena (Czech Republic) [7,8]. The 
animals were immunized with an antigen containing a sarkosin-linked to KLH. Rabbit anti-chicken antibody 
(anti-CHIC), and bovine serum albumin (BSA) were supplied by Sigma Aldrich (USA). 3,3′,5,5′-
tetramethylbenzidine (TMB), ABTS and sodium citrate dihydrate, hydrogen tetrachloroaurate(III) hydrate 
(HAuCl4·4H2O), hydrogen peroxide (H2O2), hydroxylammonium chloride (NH2OH·HCl), sodium carbonate 
anhydrous (Na2CO3), sodium hydrogen carbonate (NaHCO3), disodium hydrogen phosphate dodecahydrate 
(Na2HPO4·12H2O), sodium dihydrogenphosphate dihydrate (NaH2PO4·2H2O), acetic acid (HAc),and sodium 
acetate (NaAc) were purchased from Merck (Germany). All reagents were of analytical grade and used without 
any further purification.  

Synthesis of Gold Nanoparticles (AuNPs): AuNPs were synthesized according to the reported method with 
slight modification [13,14]. Thermal synthesis of AuNPs was performed using a magnetic stirrer with heating 
under controlled temperature, stirring for 60 minutes and preventing evaporation of liquid. Preparation of 
AuNPs-anti-IgG conjugate followed. One ml of AntiSar (1 mg/ml) was added into 10 ml of AuNPs suspension 
with pH at 9.0 (0.1 M Na2CO3 and 0.1 M HCl were used to adjust pH). The mixture was incubated at room 
temperature for 1 h. Then, 1 ml of 10% BSA solution was injected under stirring to block the unspecific binding 
of proteins to antibodies on AuNPs, followed by incubation at room temperature for 0.5 h. The conjugate was 
then centrifuged (16,000 g) at 4°C for 15 min, and the soft sediment was washed and re-suspended in PBS 
solution. The blue colour development appeared after incubation in 100 µl of 1 mM TMB and 10 mM H2O2 
(15 min, 30°C) [13]. The absorbance at 652 nm was recorded by using a reader Infinite M200 (Tecan, 
Switzerland). Electrochemistry: measurements were carried out in a volume of 1.0 ml; where the electrolyte 
was 0.2 M acetate buffer (pH 5). Parameters of voltammetry were as follows: initial potential −1.2 V; end 
potential −0.3 V; potential step 3 mV; and potential of deposition −1.0 V. Electrochemical measurements were 
performed using a minicomputer-connected potentiostat 910 PSTAT mini (Metrohm, Switzerland). To perform 
dot blot analysis and flow lateral chromatography, FF120HP (GE Healthcare Life Science Whatman, UK), 
glass fiber conjugate pad (Millipore, France) and CF 6 (GE Healthcare Life Science Whatman, UK) were used. 
For the defined antibody deposition, Linomat (Camag, Switzerland) was applied at a pressure of 1 bar, 1-5 μl 
of antibodies were applied in 10 to 50 layers according to the length of the prescribed band.  

Preparation of CdTe quantum dots: 10 ml of a solution of Cd (CH3COO)2 · 2H2O (0.266 g / 50 ml) + 76 ml of 
H2O + 1 ml of mercaptosuccinic acid (MSA) solution (3g / 50ml) + 1.8 ml of NH3 +1.5 ml of Na2TeO3 / 50ml) + 
40mg NaBH4 was stirred on a magnetic stirrer (VMS-C4, VWR International Ltd.,Germany) for at least 2 hours 
until bubbling stopped. Subsequently, the volume was adjusted to 100 ml. Two ml of the prepared solution 
was pipetted into the glass vials (Sigma Aldrich, USA), with a white cap (Anton Paar, Austria) and a teflon cap 
(Anton Paar, Austria). The thus prepared vial was placed in a microwave which was set to a power of 300 W 
and the heating took place for 2 minutes with green QDs and 4 minutes for yellow QDs.  
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3. RESULTS 

Sarcosin is a very small molecule. To ensure immunological response, sarcosin hapten was coupled to KLH 
and applied to animals (hen). Polyclonal antibodies against sarcosine were prepared from collected egg yolks. 
To detect antibody binding to the antigen, we decided to label the antibodies with the Au20 gold nanoparticles 
(Au20NPs) or CdTe quantum dots (QDs). In the proposed experiment, several different types of polyclonal 
chicken antibodies to sarcosine (AntiSar13, AntiSar14, AntiSar15, AntiSar16, AntiSar17) were prepared. The 
following experiment was designed to test individual antibodies. The primary antibody to sarcosine (ng per 
spot) was bound to the nitrocellulose membrane in the usual manner. Subsequently, the membrane was 
blocked by BSA (1%). A solution of sarcosine (100 μM) was then added and after a 30 minute of incubation, 
the membrane was thoroughly washed and secondary Au20NPs-labeled antibody was added. Secondary 
antibodies are intensively bound to the sarcosine site, and the aggregation of gold nanoparticles produces a 
typical pink and purple colour (in the case of very strong aggregation). 

 
Figure 1 Interaction study performed on the membrane. The primary AntiSar antibody was bound to the 
membrane in the usual manner. The membrane was then blocked with BSA. Subsequently, sarcosine 

(100 μM) was added and washed for 30 min. A secondary antibody labelled with Au20NPs was then applied 

In Figure 1, typical records for the individual tested antibodies are shown. As is evident from the results, all 
tested antibodies have a very good ability to recognize the studied antigen (sarcosine). The detected 
immunoreactivity of the AntiSar antibodies to sarcosine was good and it was possible to monitor the effect of 
various sarcosine concentrations. Different concentrations of sarcosine (0-150 μM) were prepared and 
intensity of Au20NPs aggregation was determined by densitometry software developed by us. The obtained 
dependence is shown in Figure 2 and the maximum of Au20NPs aggregation at the applied sarcosin 
concentration (100-150 μM) is detectable. When we analyzed sarcosin concentrations in the range of 0-12 μM, 
the obtained dependence was strictly linear (R2 = 0.995) with the regression equation y = 0.0006x - 0.0004 
and the lowest determined sarcosine concentration was 500 nM. In the case that we have used for the 
detection CdTe QDs the following construct has been formed. The antibody to the chicken antibody (Anti IgG) 
was bound to the membrane and then it was bound to the AntiSar antibody labelled with CdTe QDs. Different 
concentrations of sarcosine were added to this QDs labelled antibody. The binding of sarcosine to the antibody 
caused a decrease in observed fluorescence. Therefore, different concentrations of sarcosine (0-100 µM) were 
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prepared and the analysis principle is shown in Figure 2. The obtained dependence and a detectable 
maximum of fluorescence intensity decrease of CdTe QDs at an applied sarcosin concentration of 0-100 µM 
is shown in Figure 2. If we analyzed shorter interval of sarcosin concentrations (0-12 μM), the obtained 
dependence was strictly linear (R2 = 0.9946) with regression equation y = 0.0101x + 0.4146 and the lowest 
determined sarcosine concentration was 250 nM. Fluorescence detection of sarcosine in this simple 
arrangement was more sensitive compared to the use of gold nanoparticles (Figure 2). 

 
Figure 2 Detection of sarcosine on the nitrocellulose membrane was observed as the aggregation of gold 

nanoparticles or the fluorescence intensity of CdTe QDs in PBS buffered media. Interaction study was 
performed on the nitrocellulose membrane. The primary AntiSar antibody was bound to the membrane in the 
usual way, then the membrane was blocked with BSA (1%). Sarcosin (at various concentrations) was then 

added and after 30 minutes the membrane was washed. Subsequently, the secondary antibody labelled with 
Au20NPs was applied. In the case of the use of CdTe QDs, the primary IgG antibody was against the 

chicken antibody 

The obtained results in a buffered environment allowed us to perform experiments in complex biological 
matrices. First, we performed a test in arteficial urine (150 mM sodium chloride, 55 mM potassium chloride, 
30 mM sodium phosphate, 350 mM urea, 20 mM creatinine, 700 μM bovine serum albumin) and urine. Different 
concentrations of sarcosine (0-100 μM) were prepared and analyzed. The obtained dependence is shown in 
Figure 3, and the maximum of Au20NPs aggregation is detectable at an applied sarcosin concentration  
of 50-100 μM. If we analyzed sarcosin concentrations in the range of 0-12 μM, the obtained dependence was 
strictly linear (R2 = 0.995) with regression equation y = 0.0006x - 0.0003 and the lowest determined sarcosin 
concentration was 500 nM. A similar pattern was obtained for the urine sample (R2 = 0.995) with the regression 
equation y = 0.0005x - 0.0003 and the lowest determined sarcosine concentration was 500 nM (Figure 3).  
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In the following experiment, knowledge gained in dot blot analysis was used to construct a flow lateral 
chromatographic assay. The nitrocellulose membrane of length 10 cm was taped by polyester backing. On the 
prepared membrane, two sets of antibodies were applied in thin lines using Linomat device. The test line was 
plated at 100 μg / ml and diluted in PBS. Control line formed by the antibodies was plated 3 mm above the test 
line at 100 μg / ml. Antibodies were immobilized on the nitrocellulose membrane overnight at 37 °C. The 
second day the suction strip was attached to the membrane at the bottom. Furthermore, the membrane was 
cut into individual strips by means of a cutter. The strips were glued to the stand in a vertical position. An 
absorbent paper was also adhered to the top edge of the stripe, for faster rising of the mixture along the strip. 
A reaction mixture was applied to each strip. The reaction mixture was prepared by mixing sarcosine in reaction 
buffer (PBS, 2% BSA, 1% PEG and 0.5% Tween) and Au20NPs antibody conjugate.The mixture was allowed 
to rise freely along the strip. To further improve the detection properties of Au20NPs aggregation, it was 
advantageous to use the addition of gold acid (5 mM) and hydroxylamine (10 mM) in a developing solution 
containing NaCl at a concentration of 0.15 mM, KCl of 3 mM, Na2HPO4 8 mM, KH2PO4 2 mM, bovine serum 
albumin 0.5%, polyoxyethylene (20) -sorbitan monolaurate (Tween20) at a concentration of 1%. 

 

Figure 3 Detection of sarcosine on the nitrocellulose membrane was observed as an aggregation of gold 
nanoparticles. Interaction studies performed on the membrane in arteficial urine and real urine. The primary 
AntiSar antibody was bound to the membrane in the usual manner, after which the membrane was blocked 

by BSA. Subsequently, sarcosine (at various concentrations) was added and washed away after 30 minutes. 
A secondary antibody labeled with Au20 NPs was then applied. Principle of flow lateral chromatography for 

the detection of sarcosine in a real biological sample 
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A diagnostic strip was prepared from an embedded nitrocellulose membrane (Whatman, GE Healthcare Life 
Sciences, UK) of a length B of 6.0 cm and a width of 0.5 cm. The sample zone had a length of 2.0 cm and was 
composed of three layers (a glass fiber filter was placed on the adhesive plate - a first 2 cm zone, followed by 
a glass fiber conjugate (Au-AntiSar, QD- AntiSar) - zone 2, which was covered with a 2 cm long glass fiber 
filter , third zone extending beyond the first zone F1 and the second F2 by 0.3 cm The prepared layers of 
sample zone may be dried at laboratory or slightly elevated temperature, utilization of low pressure and 
utilization of lyophilization. 

4. CONCLUSION 

Fast paper tests will bring a significant simplification of the diagnosis of a number of serious illnesses. In 
addition, it will allow regular self-testing of a large group of people in a given population. In our work, simple 
tests were designed to identify the amount of sarcosine using polyclonal chicken antibodies labeled with gold 
nanoparticles or QDs. We succeeded in obtaining a very good response of the proposed system with detection 
limit of sarcosin 250 nM  
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Abstract  

Sarcosine is an amino acid that is formed by methylation of glycine and is present in trace amounts in the 
body. Increased sarcosine concentrations in blood plasma and urine are associated with sarcosinemia and 
some other diseases such as prostate cancer. In addition, sarcosine may be administered as a drug in some 
psychiatric disorders. Primarily, sarcosine in biological fluids is analyzed using liquid chromatography 
techniques, but this technique is not suitable for routine analysis. For this purpose, sarcosine detection using 
the nanomedicine approach was proposed. In the presented test, Au20 gold nanoparticles (size 20-30 nm, 
zeta potential -38 mV, absorption maximum at 529 nm), which exhibit pseudoperoxidase activity and convert 
a suitable substrate such as TMB, ABTS (1 mM) to a distinctive color product, were used. In the following 
experiments, the Au20 nanoparticle was linked to the chicken anti-sarcosine antibody. Subsequently, the 
ELISA method for the determination of sarcosine was prepared. Firstly, the construct for direct detection of 
sarcosine bound to the antibody was prepared by both the direct and the indirect method (dependencies were 
strictly linear, R2 = 0.996). The subsequent construct uses rabbit antibodies against the anti-sarcosine chicken 
antibody labelled with Au20 nanoparticle. The bound product is then monitored by the conversion of the TMB 
(655 nm) or ABTS (425 nm) substrate (the dependencies are strictly linear, R2 = 0.998). To further increase 
the sensitivity of the method (for more than 90% of the original signal), an aggregation agent was added to the 
used Au20 nanoparticles, which further increased adherence of gold nanoparticles to the antibodies. This 
procedure succeeded in achieving subnanomolar detection limits for the amino acid sarcosine.  

Keywords: Sarcosine, sarcosinemia, ELISA, pseudoperoxidase activity, gold nanoparticles, nanomedicine 

1. INTRODUCTION     

Sarcosine (N-methylglycine) is an amino acid that is formed by methylation of glycine. Physiologically, 
sarcosine is present in the organism in trace amounts. Elevated values of sarcosine are found in blood plasma 
and urine during sarcosinemia due to sarcosine dehydrogenase deficiency and glutaric aciduria type II. 
Sarcosinemia is a very rare metabolic disorder that does not have well-defined clinical manifestations. In this 
disease increase in the sarcosine level in both urine and blood plasma is observed [1]. The analysed values 
of sarcosine can thus be in the range of tens to hundreds of micromolar concentrations in the studied biological 
sample. N, N-dimethylglycine was tested for a potential antioxidant effect during fertilization. It has been found 
that use of N, N-dimethylglycine produces a better development of bovine embryos [2]. In addition, changes 
in levels of selected amino acids (in urine, blood plasma) are indicators of potential cardiovascular risk [3]. 
Therapeutically sarcosine is used in high concentration (2 g / day) as adjunctive therapy of mental and 
psychiatric disorders, especially schizophrenia [4,5]. During its use glutamate receptor is affected and 
sarcosine is probably glycintransporter-1 (GlyT-1) inhibitor [6].  
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In a number of experimental studies, amino acid profiles were observed in relation to prostate tumors [7-9]. 
Elevated urinary sarcosine levels have been identified as a potential marker of malignant tumors, especially 
prostate tumors [10,11]. The content of sarcosine in prostate cancer tissue was studied. The median of 
sarcosine content was by 7% higher compared to the control group of non-tumor samples. The level of 
sarcosine was not associated with tumor stage, tumor grade or biochemical recurrence. This study failed to 
demonstrate the suitability of sarcosine as a tumour marker [12]. In addition to the above-mentioned reasons 
for the analysis of sarcosine in a biological sample, sarcosine is available as a food supplement in a common 
consumer network. In this case, its increased concentrations should probably be monitored to assess the 
maximum appropriate doses of this amino acid. Due to the clinical significance of this metabolite, some 
attempts have been made to find ways how to modify these methods for use in clinical laboratories and to 
allow quantitative determination of sarcosine in patient biological fluids as part of a diagnostic examination. 
Analysis of sarcosine in clinical laboratories in normal operation is currently not possible. In order to implement 
it, it is necessary to introduce a suitable methodology, including the work with individual components and a 
rather demanding optimization of the method. In our previous work we dealt with the use of pseudo-peroxidase 
activity associated with gold nanoparticles [13]. The aim of this work was to propose the detection of sarcosine 
using polyclonal hen antibodies.  

2. MATERIAL AND METHODS   

Chicken polyclonal antibodies were obtained from Hena (Prague, Czech Republic) [14,15]. The animals were 
immunized with an antigen containing a sarkosin-linked KLH. Rabbit anti-chicken antibody (anti-CHIC), and 
bovine serum albumin (BSA) were supplied by Sigma Aldrich (USA). 3,3′,5,5′-tetramethylbenzidine (TMB), 
ABTS and sodium citrate dihydrate, hydrogen tetrachloroaurate(III) tetrahydrate (HAuCl4·4H2O), hydrogen 
peroxide (H2O2), hydroxylammonium chloride (NH2OH·HCl), sodium carbonate anhydrous (Na2CO3), sodium 
hydrogen carbonate (NaHCO3), disodium hydrogen phosphate dodecahydrate (Na2HPO4·12H2O), sodium 
dihydrogenphosphate dihydrate (NaH2PO4·2H2O), acetic acid (HAc),and sodium acetate (NaAc) were 
purchased from Merck (Germany). All reagents were of analytical grade and used without any further 
purification. AuNPs were synthesized according to the reported method with slight modification [16]. Thermal 
synthesis of AuNPs was performed using a magnetic stirrer with heating under controlled temperature, stirring 
for 60 minutes and preventing evaporation of liquid.  

The nanoparticles were characterized using the following equipment and approaches: ZetaSizer, 
spectrophotometry, fluorimetry, and electrochemistry. Preparation of AuNPs-antibody conjugate followed. One 
ml of antibody (1 mg/ml) was added into 10 ml of AuNPs suspension with pH at 9.0 (0.1 M Na2CO3 and 0.1 M 
HCl were used to adjust pH). The mixture was incubated at room temperature for 1 h. Then, 1 ml of 10% BSA 
solution was injected under stirring to block the unspecific binding of proteins to antibodies on AuNPs, followed 
by incubation at room temperature for 0.5 h. The conjugate was then centrifuged (16,000 g) at 4°C for 15 min, 
and the soft sediment was washed and re-suspended in PBS solution. The colour development appeared after 
an incubation in 100 µl of 1 mM TMB/ABTS and 10 mM H2O2 (15 min, 30°C). The absorbance or spectra were 
recorded by using a reader Infinite M200 (TECAN, Switzerland) or spectrophotometr (UV-3100PC, VWR 
Germany). Electrochemistry: measurements were carried out in a volume of 1.0 ml; where the electrolyte was 
0.2 M acetate buffer (pH 5). Parameters of voltammetry were as follows: initial potential −1.2 V; end potential 
−0.3 V; potential step 3 mV; and potential of deposition −1.0 V. Electrochemical measurements were 
performed using a minicomputer-connected potentiostat 910 PSTAT mini (Metrohm, Switzerland). 

3. RESULTS 

Pseudoperoxidase activity of the gold nanoparticles is intensively investigated and certainly brings a number 
of advantages compared with the use of naturally-occurring enzyme [17,18]. In our experiments we are very 
intensively engaged in the pseudoperoxidase activity of gold nanoparticles (Figure 1), where we have recently 
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published their physicochemical characterization [13]. Proposed procedure was used in the modification 
(labeling) of the antibody to maximize the amplification of the resulting colored product (TMB and ABTS). 

 

Figure 1 Basic characteristic of the prepared gold nanoparticles Au20. Spectra were obtained at absorption 
maximum of 530 nm, size of 20-30 nm, and zeta potential of 38 mV. Au20 nanoparticles exhibit 
pseudoperoxidase activity, which can be used as a marker. A- substrate itself; B- Au20 itself;  

C-pseudoperoxidase reaction in Au20. Peroxidase activity of Au20 nanoparticles in the presence of TMB. 
The reaction dependence on the time. Spectra are very well observable at 650 nm and 700 nm  

(0.5 M acetate buffer pH 4, 30% H2O2, 5 mM TMB) 

Substrates TMB and ABTS exhibit a very good course of reaction depending on the type of gold nanoparticles 
used. Chicken antibodies against sarcosine were prepared by immunizing animals (antigen bound to KLH). 
Individual polyclonal AntiSar antibodies that have a good affinity for sarcosine were isolated from egg yolks. 
This fact led us to propose the immunodetection of sarcosine by ELISA. Two main objectives for the 
determination of sarcosine concentration have been suggested: (a) direct determination; (b) indirect 
determination. In order to verify the functionality of the proposed methodology, the following experiment was 
carried out: The microtiter plate was coated with a primary anti-sarcosine-specific antibody (AntiSar, in the 
amount of tens of nanograms per well of the microtiter plate). Antibody binding was performed in 0.05 M 
carbonate buffer, pH 9 at 37 °C for 1 hour. The fluid was then aspirated and the plate surface was blocked 
with a 1-5% solution of albumin or dried white whey or milk powder for 40 minutes at 37 °C. The blocked plate 
was washed with PBS-T buffer.  

Sarcosine, which was bound to the surface of the gold nanoparticle, was applied to this plate and incubated 
for 1 hour at 37 °C. After incubation, the sample from the plate was sucked off and washed again with PBS-T 
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buffer. Subsequently, a protocol for monitoring the pseudoperoxidase activity of gold nanoparticles was used. 
Dependence on the concentration of applied sarcosine with good repeatability (error of determination up to 
10%, n = 10) was obtained (Figure 2). The obtained calibration curve was strictly linear (R2 = 0.9947) with the 
equation y = 0.0159x + 0.0115. The lowest concentrations of gold sarcosine analysed reached the value of 1 
μM. The obtained experimental results showed that the proposed procedure can be used for the detection of 
sarcosine. Therefore, another experiment was carried out: The microtiter plate was coated with a primary 
antibody (rabbit Anti-IgG) at a rate of tens of nanograms per well of the microtiter plate. Binding of the primary 
antibody was carried out in 0.05 M carbonate buffer pH 9 at 37 °C for 1 hour. The fluid was then sucked off 
and the plate surface was blocked with 1-5% albumin or dried protein or dried milk for 40 minutes at 37 °C. 
The blocked plate was washed with PBS-T buffer, AntiSar antibody (1: 5000) was pipetted and incubated for 
1 hour at 37 °C. After incubation, the sample from the plate was sucked off and washed again with PBS-T 
buffer. Sarcosin and gold sarcosine (50 μg / ml) were applied to the plate prepared in this way. Incubation was 
carried out for 1 hour at 37 °C. Subsequently, the plate was washed with distilled water. 

 
Figure 2 Detection of gold sarcosine using polyclonal chicken antibody (AntiSar). First, the Au20 gold 

nanoparticles were modified with amino acid sarcosine (gold sarcosine). Antibodies (AntiSar) were 
immobilized on the surface of the plastic plate by a conventional procedure and the free surface of the plate 
was blocked with BSA (1%). For the test, gold sarcosine was added at different concentrations. After binding 

to the AntiSar antibody, a substrate for pseudoperoxidase activity was added. The change was monitored 
and evaluated over time as three repetitions. The obtained calibration curve was prepared from 5 

independent repetitions. 

Strictly linear relationships (R2 = 0.99) with good repeatability (determination error up to 12%, n = 10) were 
obtained (Figure 3). If a TMB was used as the substrate, a calibration curve with y = 0.01x - 0.0015,  
R2 = 0.9989 was obtained and the same for the ABTS substrate (y = 0.0135x + 0.0014, R2 = 0.9948). The 
lowest analysed sarcosine concentrations reached the value of 0.5 μM. The obtained experimental results 
show that the proposed procedure can be used for the detection of sarcosine using ELISA method. To increase 
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the pseudoperoxidase activity of the gold nanoparticles, 5 mM gold acid and 10 mM hydroxylamine 
hydrochloride in a ratio of 1: 1 was added and the reaction was allowed to react at room temperature for 20 
minutes. After 20 minutes of incubation at room temperature and washing with water, chromogenic substrate 
(TMB or ABTS) was added. A colour reaction was carried out and the absorbance was measured in the 
specimens using a spectrophotometer. Obtained results of the sarcosine determination using the modified 
method enabled it to be determined at concentrations reaching 0.5 µM. 

 
Figure 3 Detection of sarcosine using rabbit Anti-IgG antibody. Antibodies (Anti-IgG) were immobilized on 

the surface of the plastic plate by a conventional procedure, and the free surface of the plate was blocked by 
BSA (1%). Au20 gold nanoparticles were modified by the amino acid sarcosine (gold sarcosine). 
Subsequently, polyclonal chicken AntiSar antibody was applied. For the test, gold sarcosine at a 

concentration of 50 mg / ml and sarcosine at different concentrations were added. After binding to the 
AntiSar antibody, a substrate for pseudoperoxidase activity was added. The change in the absorption signal 
was monitored over time and evaluated as three replicates. The calibration curve obtained is prepared from 

5 independent repetitions using the TMB substrate. 

4. CONCLUSION 

From a number of published data, it is clear that the role of sarcosine can be significant in both physiological 
and pathophysiological processes. The amount of sarcosine is bioanalytically determined mostly by liquid 
chromatography, which is not appropriate. Therefore, new ways for sarcosine determination are sought. In our 
experiments, polyclonal chicken antibodies were used for its sensitive detection. To increase the sensitivity of 
the assay, pseudoperoxidase activity of gold nanoparticles was utilized. It has been found that ABTS can be 
used as a suitable substrate in addition to TMB. Using the proposed procedure we were able to analyse 
sarcosine at micromolar concentrations. 
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Abstract 

Target therapy for oncologic diseases presents a big challenge for advance nanomedicine. In our work, we 
focused on multi-target approach development. Designed nanotransporter is based on polysaccharide 
chitosan which allows formation of nanoparticles. These nanoparticles can bind metal ions, mainly zinc 
(moreover, zinc stabilizes chitosan structure). The estimated zinc concentration was approximately 1 nmol/g 
of chitosan. In addition, chitosan nanoparticle (cage) irreversibly binds therapeutics which could be applied for 
targeted therapy of malignant tumours. Designed chitosan structure (LMQ, 10 g) encapsulation efficiency for 
doxorubicin was 50%. The pH change (tested interval 5 - 8) caused 20% release of doxorubicin from the 
nanocage. The nanotransporter is orientated to cancer tissue due the fact that the malignant cells highly 
express metallothionein (MT). The increased affinity of MT to zinc ions causes that the nanotransporter is 
preferentially bound to tumour regions with a high MT concentration. Our latest experimental results showed 
the changes in amino acid metabolism of prostate cancer signalized by increase in the amount of amino acid 
sarcosine. Therefore, the chitosan-based nanotransporter was modified by anti-sarcosine antibody. The 
functionality of designed nanotransporter was proved by ELISA with double detection of doxorubicin using 
fluorescence and by peroxidase activity of ABTS substrate. In another system, magnetic separation and 
identification of individual components of the nanotransporter were used. The sarcosine binding activity was 
estimated around 50%.  

Keywords: Antracycline antibiotics, chitosan, prostate cancer, metallothionein, nanoparticles, nanomedicine 

1. INTRODUCTION     

Nowadays, polymers are greatly used for biodegradable drug carrier due to its ability to gradual release of the 
therapeutic compound. Among natural polymers belongs chitosan gained from chitin. Chitosan is a cationic 
polymer and it has three reaction centers. The primary amino group tend to quaternization and it can bind 
metal ions. Primary hydroxy group is often substituted by “spacers” which leads to binding of drug active groups 
or targeting labels. Secondary hydroxy group could be modified for improving the chitosan solubility [1]. The 
chitosan oligomers can be partially attributed to the ionic cross-linking using polyanions resulting in 
nanoparticle formation [2]. Chitosan nanoparticles have attracted more attention in drug delivery due to their 
stability, low toxicity and easy preparation. Deacetylated chitosan skeleton composed of glucosamine units 
has a high density of charged amino groups which allow strong electrostatic interactions with biomolecules [3]. 

Several authors described doxorubicin encapsulation to the polymeric cage formed by chitosan. Doxorubicin 
is widely used anthracycline antibiotic for the cancer treatment. Although, doxorubicin shows serious side 
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effects such as cardiotoxicity [4]. The development of new chitosan-based nanotransporters is aimed at 
reducing the cardiotoxicity of anthracycline antibiotics. Raja et al. published the pH-sensitive, self-assembled 
nanoparticles formed by N-acetyl histidine and arginine-grafted chitosan for doxorubicine delivery. Prepared 
nanocarriers shows good results in resistant human breast tumor cell line (MCF-7) efficiently in a dose-and 
time-dependent pattern [5]. Collagen peptide functionalized chitosan nanoparticles as a smart drug delivery 
carrier in advanced cancer therapy was presented by Anandhakumar et al. Observed nanoparticles showed 
stability under physiological conditions, high encapsulation efficiency towards doxorubicin hydrochloride as 
well as pH controlled release. Moreover, the excellent anti-proliferative characteristics against HeLa cells with 
favorable biocompatibility against normal cells have been proven [6]. Further modifications are described 
across the literature. We would like to highlight the myristate [7], Dextran-sulfate [8], folate [9], PEGylated 
liposome [10], glycyrrhetinic acid-modified chitosan-cystamine-poly(epsilon-caprolactone) copolymer [11], and 
stearic acid [12]. Summarily, the chitosan structure allows various modifications and functionalizations aimed 
to be a nanocarrier useful with unique properties beneficial in the cancer treatment. 

In our previous study we described DOX enclosed in chitosan nanoparticles functionalized by Zn2+ ions [13]. 
We observed the affinity of nanotransporter to metallohionein, which is overexpressed in the tumor tissue and 
plays an important role in breast cancer. In the further work, we want to focus on multi-targeted therapy 
provided by functionalized chitosan nanoparticles (CS NPs) by anti-sarcosine antibodies. For CS NPs 
stabilization we investigated the influence of zinc ions (Figure 1).  

 

Figure 1 The structure of chitosan-based nanotransporter in multi-target therapy in the prostate cancer 
treatment. Prostate tumor cells highly express amino acid sarcosine. Via anti-sarcosine antibodies is CS NPs 
nanotransporter targeted to the tumor cells. Nanocarrier decorated by zinc ions facilitate enhance retention 

permeability effect of CS NPs in the blood stream 
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2. MATERIAL AND METHODS   

Chemicals 
Low molecular weight chitosan, sodium tripolyphosphate penta basic (TPP), DMSO, sodium acetate, acetic 
acid, doxorubicin HCl, zinc chloride and other chemicals unless noted otherwise were purchased from Sigma-
Aldrich (USA). Aqueous solutions analysis were prepared using Milli Q water from Millipore Systems (USA) 
with conductivity less than 0.2 mS/cm.  

Preparation of chitosan nanoparticles  

In the case of Zn inner type of CS NPs, 12.5 mg of low MW chitosan was dissolved in 5 mL of 1 % acetic acid. 
Doxorubicin (30 µM) and Zinc (0.5 m/mL) was added to the chitosan solution under stirring (3 hours, 24 °C). 
After chitosan dissolution the sodium tripolyphosphate (0.25 % w/v) was added dropwise and incubated in 
rotator Multi-Rotator RS-60 BIOSAN. Zn outer type NPs was prepared in the same way, however the Zinc (0.5 
mg/mL) was added after TPP gelatation. The mixture was stirred 3 hours, 24 °C. 

Ninyhdrin assay 

The reaction solutions were then processed as described in articles [14, 15]. The ninhydrin reagent was freshly 
prepared on the day of the assay by adding 25 ml of 4 M acetate buffer (pH 5.2) to 2 g ninhydrin and 0.3 g 
hydrindantin in 75 ml DMSO. For the assay, 75 µL of reagent was added to 100 µL of the sample in microtube. 
The microtubes were immediately capped, briefly shaken by hand and heated thermoblock for 30 min to allow 
the reaction to proceed. After cooling, 15 ml of a 50:50 ethanol:water mixture was added to each sample. The 
color intensity of the complex was spectrophotometrically evaluated as a measurement of depolymerized 
chitosan activity. Accurately weighed depolymerized chitosan was dissolved in 1% w/v acetic acid. A blank 
solution was also prepared in an identical manner, wherein 1% w/v acetic acid was used instead of a chitosan 
solution to prepare the reaction mixture. The effect of the solvent system was nullified by calibrating the 
instrument to 100% transmittance of the blank solution.  

Dot blot assay 

On the nitrocelulose membrane 0.45 µm pore diameter (SERVA, Heidelberg, Germany) was pippeted 1-2 µl 
of Rabbit AntiChicken antibody. After drying, the membrane was blocked with 1% BSA in PBS buffer. After 30 
min incubation in the rotator the membrane was soaked in the CSNPs (AntiSar/CS NPS/Dox-AuMNPs) 
solution for 1 hour. The incubation was carried out in the 50 ml tube on rotator (15 rpm). The membrane was 
3x washed using PBS-T. Further, the membrane was soaked in AuNPs labeled antibody or sarcosine for 1 
hour. Each sample was washed from unbounded parts by PBS-T buffer. After dying the membrane, the 
samples were prepared for evaluation.  

3. RESULTS 

Characterization of CS NPs  

For basic characterization of the formed nanoparticles spectrophotometric analysis based on the reaction of 
CS with ninhydrin solution have been used which enabled to react with primary and secondary amino groups. 
The chromophore is created by amine condensation with a molecule of ninhydrin to give Ruhemann purple. 
Firstly, the effects of several factors including the reaction temperature, reaction time and the ninhydrin 
concentration on the chitosan-ninhydrin reaction were investigated to optimize the specificity and sensitivity. 
Figure 2 A shows the dependence of absorbance on reaction temperature 70 - 100 °C, where the increase of 
chromophore absorbance in correlation with higher temperature in absorbance maxima is obvious. The 100 
°C of reaction temperature was used for testing the reaction time (0 - 60 min). Figure 2B shows increasing 
trend of signal in correlation with the increasing ninhydrin amount up to the concentration of 32 µg per reaction. 
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Higher concentration caused slightly decrease in the signal. In the graph (Figure 2C) is clearly shown that the 
reaction time up to 40 min lead to the highest absorbance which were also stable after 50 and 60 min. The 
dependence of ninhydrin amount entering the reaction with CS was investigated. The dependence of 
absorbance on CS concentration (0-0.5 mg/mL) is shown in Figure 2D. Calculated limit of detection was 1.7 
µg/mL. 

We used ninhydrin assay to monitor of chitosan properties in the presence of TPP and zinc. As we described 
in the introduction, TPP as well as zinc ions stabilize chitosan crosslinked structure and provide nanoparticle 
formation. We studied the dependence of various CS concentrations 0.06 - 2.00 mg/mL in the presence of  
2 mg/mL TPP. The low CS concentration in the presence of TPP showed similar signal intensity as CS alone. 
Up to the CS concentration of 0.5 mg/mL it was evident that the signal intensity of TPP was lower than CS 
alone. The CS NPs were well formed in the concentration of 2 mg/mL of CS and the higher TPP concentration 
caused its stabilization. The apparent signal intensity of CS NPs decreases in the dependence of higher TPP 
concentration that results in more crosslinked structure. 

 
Figure 2 Optimization the ninhydrin assay: A) reaction temperature (70-100 °C), B) ninhydrin amount per 
reaction (12-40 µg). C) reaction time (0-60 min). D) Dependence of CS concentration (0-0.6 mg/mL) on 

absorbance 

Doxorubicin release in pH range (5-8) 

In our experiment, we studied the stability of CS NPs and doxorubicin release in the intervals from several 
hours to several days. For 28 hours CS NPs were subjected to doxorubicin (DOX) fluorescence sensing and 
the cumulative release of DOX amount were calculated in selected environmental conditions: blood, phosphate 
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buffer (1 mM) pH 5, 7 and 8. Results clearly showed the rapid DOX release which began immediately and 
ended after 120 min. Further DOX release was not so intensive and the NPs were stable. Apparent differences 
between each environment showed the highest stability of CS NPs at pH 5. The strongest cumulative release 
of DOX amount occured in the blood environment. Not surprisingly, blood is complex matrix and the presence 
of enzymes, proteins and specific components caused the rapid DOX release from CS nanostructure. 

AntiSar antibody - CS NPs conjugation 

Our goal was to design a nanocarrier which can target into the cancer tissue with highly expressed levels of 
sarcosine, such as prostate cancer. We utilized non-specific conjugation of chicken AntiSar antibody to CS 
NPs surface. This interaction is mediated by electrostatic and hydrophobic interactions between positively 
charged CS and proteins. For the verification of this interaction, we employed the dot blot analysis as a rapid 
and precise immunochemical method. We utilized the ability of AuNPs aggregation which was visible as a 
purple dot on the membrane. After initiation of primary antibodies, the membrane surface was blocked by 
bovine serum albumin (BSA) to avoid false positive results. The dot blot analysis showed positive signal in 
both cases; control sample (labeled AntiSar antibodies) and the CS-AntiSar NPs. From this result, we assume 
that the proposed system is applicable and we can proceed with chitosan testing itself. The chicken AntiSar 
antibodies were attached on the surface of CS NPs. The formation of this complex was confirmed by the 
interaction with AuNPs labeled sarcosine (AuSar). The stronger interaction was occurred when primary rabbit 
AntiChicken antibodies was immobilized on the membrane. We continued with the sandwich method and the 
CS NPs-AntiSar labelled with rabbit AntiChicken-AuNPs showed the strong positive reaction. This effect is due 
to a stronger binding of the first antibody to the second antibody.  

4. CONCLUSION 

A detailed interaction study of chitosan nanotransporter, zinc ions and TPP has been performed. The Zn2+ 
concentration shows the strong effect on crosslinking and coiling of CS NPs with the result of better 
nanoparticle stabilization. The entrapment efficiency for doxorubicin of designed CS NPs was 20%. The 
highest drug release from the CS nanocarrier appeared after 120 min at the pH 5, 6, 8 and in blood 
environment. Functionality and ability  of the AntiSar/CS NPs/DOX binding to the sarcosine molecule was 
proved by dot blot analysis. 
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Abstract  

Photodynamic therapy is a relatively new type of cancer treatment, or eventually it is used at the elimination 
of undesirable pathogenic microorganisms. Quantum dots (QDs) are semiconducting nanocrystals with a size 
of 2-20 nm and can be used in photodynamic therapy. Two types of CdTe QDs were prepared by microwave 
synthesis (500 W), typical absorption spectra had maxima λgreen = 554 nm, λ yellow = 580 nm.  The determined 
size of the generated nanoparticles ranged between 5 - 10 nm. CdTe QDs were further studied by fluorescence 
analysis at excitation wavelength λ = 250 nm to obtain emission maxima (λem552) for green and (λem582) for 
yellow nanoparticles. Interaction study of CdTe QDs with bovine serum albumin (BSA) and with polyclonal 
chicken antibodies against sarcosine (AntiSar) was performed. BSA (100, 50, 25, 12.5, 6.3, 3.1, 1.6 and 0 μM) 
and AntiSar (20, 10, 5, 2.5, 1.3, 0.7, 0.3, and 0 g/L) were monitored with 1:1 addition of 50 μM QDsgreen or 
QDsyellow. The decrease in intensity of the normalized fluorescence signal in the presence of BSA or AntiSar 
was observed by 70-90%. The observed dependencies showed a linear trend (R2 = 0.9) with relative error of 
9-12% calculated from 5 independent repetitions. In addition, it was possible to monitor the signal shift to 
shorter wavelengths at the highest applied BSA concentration by 4-16 nm. The obtained data suggest that the 
size of individual QDs will affect intensity of an interaction with biomolecule. Nanoconstructs should therefore 
be targeted according to these experimental data for their intended use. In further experiments, CdTe QDs 
modified with AntiSar will be used for targeted prostate cancer therapy using photodynamic effect. 

Keywords: Reactive oxygen species, prostate cancer, photodynamic therapy, CdTe quantum dots,  
        nanomedicine 

1. INTRODUCTION     

Photodynamic therapy is a relatively new type of treatment in tumor diseases or it may be used by the 
elimination of undesirable pathogenic microorganisms [1,2]. The basic principle of photodynamic therapy is 
photoactivation of photosensitive substance / drugs. The process involves the transfer of electrons, and energy 
to form reactive oxygen intermediaries or reactive oxygen species. The molecules formed by this way react 
with cellular structures and lead to cell death. It is known that many factors affect these biologically significant 
processes (concentration, interaction time, wavelength, energy, and others) [3]. In addition, defensive 
mechanisms of cells (biomolecules containing thiol groups such as cysteine, reduced glutathione, and 
metallothionein) [4-6] should be considered in this complex system. Quantum dots (QDs) represent a possible 
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alternative to traditionally used photosensitive substances [7]. To increase the predicted therapeutic efficacy, 
the surface of QDs may be further modified (porphyrins) [7].  

From physico-chemical point of view QDs are photoluminescent semiconductor nanocrystals constructed from 
elements of Group II (Zn, Cd, Hg)-VI (Se, S and Te), III-V and IV-VI of the periodic table. Until the last decade, 
most studies focused on II-VI QDs (CdSe or CdTe) [8-10]. The typical diameter of QDs is in the 2-20 nm range 
and they can contain from 100 to 100,000 atoms per nanoparticle [11]. Some of the most attractive properties 
of QDs are high quantum yield, high molar extinction coefficients, broad absorption spectra, narrow and 
symmetric emission bands (30-50 nm), large effective Stokes shifts and high resistance to photobleaching and 
chemical degradation [12]. Current applications of QDs are widespread, their use as fluorescence labels in 
bioassays being one of the most promising [13]. These nanoparticles are usually conjugated to highly specific 
biomolecules like proteins, antibodies, oligonucleotides, enzymes or aptamers to improve assay selectivity 
[11,14].  

For the therapeutic use of such molecules it is necessary to know their pharmacokinetics in the living organism. 
Due to the considerable complexity of ongoing phenomena, the necessary simplification is needed at the 
beginning of the study to understand these mechanisms. Therefore albumin, main protein of blood plasma, is 
intensively monitored in connection with its interactions to nanoparticles. For QDs bioconjugation bovine serum 
albumin (BSA) is one of the most extensively studied proteins, mainly due to its structural homology with 
human serum albumin [9,15,16]. BSA is often used as a coat protein for the surface treatment of nanoparticles 
due to its strong affinity for a variety of nanoparticles such as gold nanoparticles, nanoparticles of silica and 
QDs [17-19]. In our previous experimental work we performed several pilot experiments aimed at monitoring 
the interaction of metallothionein with QDs [5,6]. The aim of this study was to investigate the interaction of QDs 
with various emissions with BSA and polyclonal chicken antibodies against sarcosine (AntiSar) by fluorimetry 
for their potential use in photodynamic therapy (see in Figure 1). 

 

Figure 1 Schematic representation of the hypothesis of QDs function for nanomedicine application. Typical 
CdTe QDs stabilized with mercaptosuccinic acid (MSA) after exposure to specific radiation at a given 
wavelength and energy leads to excitation of a system that is capable of generating a whole group of 

molecular oxygen intermediaries and relative oxygen species. If such a particle is targeted toward the tumor 
cell (by various nanomedical approaches), an increased level of oxygen radicals can trigger apoptosis 

processes, and the tumor cell is destroyed. In addition, due to the photodynamic effect of CdTe QDs, free 
cadmium ions are released. They can also be very effectively involved in the initiation of apoptosis, or may 

be used as additional guidance particles for targeting other nanotransporters 
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2. MATERIAL AND METHODS   

Chemicals: All chemicals used in this study (Cd (CH3COO)2 · 2H2O, Na2TeO3, mercaptosuccinic acid, bovine 
serum albumin, Trizma base, HCl) were purchased from Sigma-Aldrich (St. Louis, MO, USA), in ACS purity. 
NaBH4 was purchased from Merck (Darmstadt, Germany), 25% aqueous NH4OH was purchased from Lach-
Ner s.r.o. (Neratovice, Czech Republic). Chicken polyclonal antibodies against sarcosine (AntiSar) were 
obtained from the Hena (Prague, Czech Republic). Deionized water was prepared using an Aqual 25 reverse 
osmosis device (Brno, Czech Republic). The deionized water was further purified using a MiliQ Direct QUV 
device equipped with a UV lamp. Resistance was 18 MΩ. The pH was measured using a WTW inoLab pH 
meter (Weilheim, Germany).  

Preparation of CdTe quantum dots (QDs): 10 ml of solution Cd(CH3COO)2 · 2H2O (0.266 g / 50ml) + 76 ml of 
H2O + 1 ml of mercaptosuccinic acid (MSA) solution (3g / 50ml), 5 ml of Na2TeO3 (0.2215 g / 50 ml) + 40 mg 
of NaBH4 was stirred on a magnetic stirrer (VMS-C4, VWR International Ltd., Darmstadt, Germany) for at least 
2 hours until bubbling stopped. Subsequently, the volume was adjusted to 100 ml. 2 ml of the prepared solution 
was pipetted into the glass vials (Sigma Aldrich, St. Louis, MO, USA), with a white cap (Anton Paar, Graz, 
Austria) and a teflon cap (Anton Paar, Graz, Austria). The thus prepared vial was placed in a microwave which 
was set to a power of 300 W and the heating took place for 2 minutes with green QDs and 4 minutes for yellow 
QDs. After preparation, QDs were purified with isopropanol. After 500 μl of isopropanol was added to 500 μl 
of QDs, centrifugation was carried out at 14,000 g for 5 minutes. After pipetting the supernatant, pellet QDs 
was dissolved in 500 μl of 10 mM Tris-Cl buffer, pH 8. The final concentration of QDs was 2 mM. These purified 
QDs were used for further analysis.  

Preparation of dilution series of BSA and AntiSar: From a stock solution of BSA (500 μM) in 10 mM Tris-Cl 
buffer, pH 8 a dilution series were prepared in a concentration range of 100, 50, 25 , 12.5, 6.3, 3.1, 1.7 and 0 
μM. Similarly from a stock solution of chicken antibodies (20 g/L) a dilution series were prepared in a 
concentration range of 20, 10, 5, 2.5, 1.3, 0.7, 0.3 and 0 g /L.  

Fluorescence spectra: Fluorescence spectra were obtained with the Tecan Infinite 200 PRO Multifunctional 
Reader (TECAN, Switzerland). For absorption spectra, the wavelength was in the range 230 - 800 nm. For 
fluorescence spectra, it was used as an excitation wavelength of 250 nm and an emission wavelength in the 
range 280 nm to 800 nm. 

3. RESULTS 

The detailed physico-chemical study of QDs has been published in a number of papers [20] including the study 
of their interactions with biomolecules. QDs nanoparticle is made up of an inorganic core and bound molecules 
on its surface. It is likely that the solvent and surface-bound molecules affect the physicochemical properties 
of QDs (hydrodynamic particle size). In our recent study, we studied the basic spectroscopic and 
electrochemical properties of CdTe QDs [21]. In the Figure 1 are summarized the main experimental 
objectives of this work. We have decided to use CdTe QDs stabilized with mercaptosuccinic acid (MSA) in 
microwave synthesis. Two types of CdTe QDs were prepared by microwave synthesis (500 W), and the 
determined size of the generated nanoparticles ranged between 5 - 10 nm. CdTe QDs were studied by 
fluorescence analysis at λ = 250 nm to obtain excitation maxima (λem552) for green and (λem582) for yellow 
nanoparticles. In further experiments, we focused on the basic interaction study of CdTe QDs with bovine 
serum albumin (BSA) and polyclonal chicken antibody (AntiSar). Fluorescence spectra of BSA (100, 50, 25, 
12.5, 6.3, 3.1, and 0 μM) were monitored in 1:1 addition to 50 μM of QDsgreen. BSA at the studied concentrations 
and the observation interval (500-700 nm) did not provide any fluorescence signal that is observable at shorter 
wavelengths. In case we added QDsgreen to the given BSA concentrations, a decrease in the intensity of the 
normalized fluorescence signal was observed by 76%, the dependence showed a linear trend y = -508.57x + 
32064 (R2 = 0.9355), with 5 independent repeats and a relative error of determination was about 10%. In 
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addition, it was possible to monitor the signal shift to shorter wavelengths at the highest applied BSA 
concentration by more than 15 nm (see in Figure 2). 

 
Figure 2 Emission fluorescence spectrum of bovine serum albumin (BSA) (A) and conjugate 1: 1 BSA with 

green QDs (50 µM) (B) in an environment of Tris-Cl buffer pH 8 at different concentrations (a) 50, ( b) 25, (c) 
12.5, (d) 6.3, (e) 3.1, (f) 1.6 a (g) 0 μM; (C) Dependence of fluorescence peak values of QDs obtained from 
chart B in the wavelength range 538 - 554 nm to BSA concentration; (D) The shift of fluorescence intensity 

maximum QDs value from chart B in dependence on BSA concentration 

 
Figure 3 Emission fluorescence spectrum of chicken antibodies against sarcosine (AntiSar) (A) and antibody 

conjugate (1: 1) with green QDs (50 μM) (B) in Tris-Cl buffer, pH 8 at different concentrations (a) 20, (b) 
10,(c) 5, (d) 2.5, (e) 1.3, (f) 0.7, (g) 0.3 and (h) 0 g / L. (C) Dependence of the fluorescence maxima of QDs 

obtained from Chart B in the wavelength range 522-530 nm on antibody concentration; (D) Shift of the 
maximum fluorescence intensity QDs from Chart B, depending on the AntiSar concentration 
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When we added QDsyellow to the given BSA concentrations, we observed a decrease in the intensity of the 
normalized fluorescence signal by 68% similar to QDsgreen, but the acquired signal dependence exhibited a 
polynomial trend y = 6.6751x2 - 602.71x + 21900 (R2 = 0.8506), with 5 independent repetitions and a relative 
error was 12%. For these nanoparticles it was possible to monitor the signal shift to shorter wavelengths at the 
highest applied BSA concentration by more than 10 nm (results not shown). In the following experiment, we 
studied the interaction of QDsgreen or QDsyellow with AntiSar.  

Figure 3 shows typical fluorescence records of the antibodies themselves at different concentrations. In the 
studied range (450-700 nm), an observable signal at 500 nm is probably corresponding to some protein 
structures in the antibody. In case we added QDsgreen to the given BSA concentrations, a decrease in the 
intensity of the normalized fluorescence signal was observed by 87%, the acquired dependence of the 
decrease in the signal showed a linear trend and the slope y = -297.79x + 6170.7 (R2 = 0.9), in 5 independent 
repetitions and relative error of around 9%. With these nanoparticles it was possible to monitor the signal shift 
to shorter wavelengths at the highest applied concentration of AntiSar by 8 nm (see Figure 3).  

In the case of QDs yellow, the changes were less dramatic, the decrease in the fluorescence signal was by 99% 
and the dependence of the decrease also had a linear character y = -837.97x + 24509 (R2 = 0.90), with 5 
independent repetitions and a relative error of around 11%. For these nanoparticles it was possible to monitor 
the signal shift to shorter wavelengths at the highest applied BSA concentration by 4 nm (results not shown). 
The obtained data suggest that the size of individual QDs of nanoparticles will affect interaction with 
biomolecules. Nanoconstructors should therefore be targeted for their intended use according to these 
experimental data. 

4. CONCLUSION 

In further experiments, QDs modified with AntiSar will be used for targeted prostate cancer therapy. We 
assume that exposure to specific radiation at a given wavelength and energy will result in the excitation of a 
system capable of generating of a whole group of reactive oxygen species. If such a particle is targeted toward 
the tumor cell (by various nanomedical approaches), an increased level of oxygen radicals can trigger 
apoptosis processes, and the tumor cell would be destroyed.  
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Abstract 

This work is focused on the preparation and characterization of nanoparticles. Particles were prepared from 
negatively charged polymer - sodium hyaluronate and oppositely charged polyaminoacid - polyarginine 
hydrochloride in water and 0.15 M sodium chloride. Due to the composition of nanoparticles from 
biodegradable materials, particles may be attractive for medical applications. Particles were studied using 
dynamic light scattering.  

The second part of this work is focused on study of electrostatic interactions between negatively charged 
hyaluronan chains and simple amino acids (lysine and arginine) in water. These interactions were studied by 
means of calorimetry. 

Keywords: Hyaluronan, amino acid, polyarginine, nanoparticles, dynamic light scattering, calorimetry 

1. INTRODUCTION 

Hyaluronan is a well-known and body’s own negatively charged polysaccharide, which is of great interest in 
targeted drug distribution, especially anti-cancer, see, e.g., the monograph by Garg et al. [1]. In contrast, 
positively charged polyamino acids such as polyarginine consist of a body’s own amino acids and their 
molecules are similar to molecules of peptides that are readily degradable in the body. Due to the opposite 
charge of the two polymers, the nanoparticles formed by the electrostatic forces between the polymers occur 
when they are mixed [2, 3]. Previous experiments have already confirmed the possibility of preparing such 
nanoparticles [2], which can be used as an instrument for targeted drug distribution. These experiments are 
followed by our work to simplify the preparation of nanoparticles and characterize them. For a more thorough 
examination of electrostatic interactions, we also studied the interactions between hyaluronan and simple 
amino acids. 

2. EXPERIMENTAL PART 

Hyaluronan (sodium salt) of molecular weight 9 kDa, 137 kDa and 1.39 MDa was purchased from Contipro 
Group s.r.o. Poly-L-argininehydrochloride of molecular weight ranging from 5 to 15 kDa was purchased from 
Sigma Aldrich. Polyarginine solutions of concentration 0.5 g·l-1 were prepared in deionized water (Purelab Flex, 
ELGA) and hyaluronan (137 kDa) solutions were also prepared in deionized water in concentrations 0.44; 1.67 
and 2.67 g·l-1. Micro and nano particles were prepared by simply mixing hyaluronan solution of proper 
concentration and solution of polyarginine at room temperature in one-to-one volume ratio. 

Size of the particles was measured in a several cases. In the first case, 1 ml of prepared solution with particles 
was taken and centrifuged for 30 minutes with 20 microliters of glycerol (Sigma Aldrich) at 16 000 g. In the 
next step supernatant was removed and particles with glycerol were mixed with 1 ml of deionized water. 
Particle size was measured in both the supernatant and the glycerol / water mixture. In the second case, the 
particles were measured after mixing the solutions of hyaluronan and polyarginine without further processing. 
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The influence of ionic strength on the particle size was tested by adding NaCl (Lach-Ner s.r.o.) to solutions 
formed by mixing solutions of hyaluronan and polyarginine. NaCl was added in such a quantity that the final 
concentration was 0.15 M. 

L-lysine monohydrochloride and L-arginine monohydrochloride (Sigma Aldrich) were used for studying basic 
interactions between hyaluronan and amino acids.  

3. REASULTS AND DISCUSSION 

Nanoparticles of hyaluronan and polyarginine 

Using the Zetasizer Nano ZS from Malvern Instruments, the correlation curves and particle sizes were 
measured in samples prepared in various ways. On the one hand, the particles prepared by centrifugation into 
the glycerol and the remaining particles in the supernatant, were measured. Also, particles prepared by simple 
mixing of solutions of hyaluronan (137 kDa) with different concentration with the polyarginine solution  
(0.5 g·l-1), both before and after centrifugation, were also measured. The data obtained can be seen in  
Table 1. 

Table 1 Measured values of particle sizes of nanoparticles composed of hyaluronan (Hya) and polyarginine  
  (PArg) at different concentration ratios 

Concentration (g·l-1) 
Hya + PArg 

Particle size (nm) 

Hyaluronan + polyarginine + glycerol + 
centrifugation Hyaluronan + polyarginine 

Supernatant Glycerol part Centrifuged Non-centrifuged 

0.44 + 0.5 44 ± 10 70 ± 6 34 ± 1 59 ± 2 

1.67 + 0.5 42 ± 2 69 ± 11 37 ± 1 68 ± 1 

2.67 + 0.5  61 ± 2 91 ± 3 60 ± 1 90 ± 2 

 

Figure 1 The hyaluronan-polyarginine nanoparticle correlation curves from hyaluronan solutions of 1.67 g·l-1, 
and polyarginine solutions of 0.5 g·l-1 
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From the graph in Figure 1 it is apparent that samples labeled as supernatant and centrifuged have the same 
course of correlation curves and have very similar particle size values. Also, the samples labeled as glycerol 
and non-centrifuged have a very similar pattern of correlation curves and the corresponding particle size. With 
these simple experiments was found that the glycerol had no significant effect on the size of the centrifuged 
particles, therefore, in other experiments, particles were prepared with centrifugation but in the absence of 
glycerol in the Eppendorf tube. 

Addition of NaCl to system hyaluronan-polyarginine 

Unlike the previous study [2], where the effect of PBS on nanoparticles was studied, we decided to study 
nanoparticles only in 0.15 M NaCl. Samples of nanoparticles of the hyaluronan-polyarginine system were 
subjected to a stability test of NaCl addition. NaCl was added to the prepared solution of nanoparticles to a 
concentration of 0.15 M to simulate physiological environment. The influence of ionic strength on the particle 
size in the solution was determined by measuring particle size. By comparing the correlation curves shown in 
the graph in Figure 2 we found that the addition of NaCl leads to a significant increase in particle size. This 
information was also confirmed by the values of the measured particle sizes listed in Table 2. After addition of 
NaCl to all solutions, all samples became immediately turbid. This fact was not described in the previous article 
[2]. 

 

Figure 2 Correlation curves of hyaluronan nanoparticles at various concentrations and molecular weights of 
137 kDa and polyarginine at a concentration of 0.5 g·l-1 and a molecular weight of 5-15 kDa, stability test by 

the addition of NaCl 
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Table 2 Measured particle sizes of the systems subjected to the NaCl stability test. 

Concentration (g·l-1) 

Hya + PArg 

Particle size (nm) 

Before additon of NaCl After addition of NaCl 

0.44 + 0.5 193 ± 4 245 ± 78 

1.67 + 0.5 145 ± 1 566 ± 14 

2.67 + 0.5 166 ± 1 424 ± 6 

Lyophilization 

From the correlation curves shown in the graph in Figure 3 we can observe that the lyophilization and 
subsequent dissolution of the samples resulted in an increase in the particle size. A larger increase of particle 
size occurred in the sample dissolved after lyophilization in 0.15 M NaCl solution. This information is also 
confirmed by the measured particle size values listed in Table 3. Samples after the lyophilization were 
dissolved for a relatively long time. The sample, which was dissolved in 0.15 M NaCl solution, had to be placed 
in an ultrasonic bath to dissolve it. Experiments with other concentrations (0.44 g·l-1; 2.67 g·l-1) of hyaluronan 
solutions were also performed. Similar results were achieved (results not shown). 

 

Figure 3 Correlation curves of 1.67 g·l-1 hyaluronan nanoparticles (137 kDa) and 0.5 g·l-1 polyarginine  
(5-15 kDa), lyophilized 

Table 3 Particle sizes of the lyophilized systems 

Concentration (g·l-1) 
Hya + PArg 

  Particle size (nm) 

Volume ratio After lyophilization 
dissolved in 

Before 
lyophilization 

After lyophilization 

1.67 + 0.5 1:1 Water 135 ± 3 226 ± 14 

1.67 + 0.5 1:1 0.15 M NaCl 152 ± 5 523 ± 85 
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Hyaluronan and simple amino acid 

In addition to interactions of hyaluronan with polyamino acids, hyaluronan (9 kDa and 1.39 MDa) interactions 
were also investigated with a simple amino acids arginine and lysine in their hydrochloride form. Interactions 
were studied primarily by nano ITC and high resolution ultrasonic spectroscopy, where amino acid solutions 
were titrated to hyaluronan solutions of various molecular weights. The concentrations were set such that the 
amount of charges, which carry the amino acids was nearly five times higher in the end of the titration than the 
number of charges in a solution of hyaluronate. From the results obtained, it was not possible to clearly 
determine if the interaction between hyaluronan and amino acid occurs (independently of the molecular weight 
of hyaluronan or type of amino acid). However, all performed titrations were endothermic. 

4. CONCLUSION 

Nanoparticles based on hyaluronan and polyarginine were prepared simply by mixing the appropriate 
solutions. It has been found that glycerol does not provide any advantage during the preparation over the 
preparation of nanoparticles without the glycerol. Particle stability was examined by lyophilization, re-dissolving 
and by addition of NaCl to simulate the ionic strength of the physiological environment. The results show that 
the particles in both cases increased their size, but prevent it from falling apart. It was also found that the 
addition of NaCl to the system causes the turbidity of the system. After lyophilization and redissolving or 
addition of NaCl, particle size values have exceeded the limits when it would be safe to use them as 
intravenous drug carriers, but other applications such as topical or mucoadhesive remain interesting. 

For simple amino acids, all the interactions had the same endothermic course. It appears from the results that, 
rather than the formation of larger particles, the original hyaluronan structures present in the solution at the 
beginning of the experiment break down during the titration. It will be interesting therefore watch, how further 
experiments will be developed with polyarginine and polylysine oligomers and to find the boundary, where the 
oligomers begin to interact with hyaluronan forming nanoparticles. 
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Abstract  

Aim of this work deals with closing of cisplatin into liposomes, the study of their stability and interaction with 
cancer cell lines. Commercial cisplatin cytostatic was encapsulated into three types of liposomes (L8, L10 and 
L15) of a different chemical composition. Each of liposomes had different ability to close cytostatic. L8 differs 
from L10 by containing cholesterol. In despite of L10 and L8, L15 liposome contains a synthetic 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (C41H78NO8P) - DOPE, which is generally found in cell membranes. The 
size of the liposomes was characterized by Dynamic Light Scattering (DLS). The amount of Pt-drug in 
liposomes was verified by electrochemical determination. Their stability was observed by differential pulse 
voltammetry (DPV). These studies also demonstrated, that the cisplatin is stable in physiological solution for 
at least 24 hours, which making it a suitable medium storage for this drug. Finally, the encapsulated cisplatin 
was applied to cancer cell lines and their viability was observed by MTT assay.  

Keywords: Cisplatin, liposomes, electrochemistry, differential pulse voltammetry, cancer cell lines  

1. INTRODUCTION 

The discovery of anti-carcinogenic drugs containing platinum (Pt), has led in the 1970s to synthesis of 
compounds containing Pt, which could provide better results in cancer therapy. Unfortunately most of these 
drugs have toxic side effects; therefore they are given in small doses with low concentration. One of these is 
cisplatin, which is widely used. However, its antitumor activity is reduced by its side effects. A new form of 
cisplatin is liposomal cisplatin, which replaces the original one, reducing its toxicity and increasing efficiency. 
Liposomes are considered to be suitable drug carriers due to their biological inertness, biodegradability, and 
mainly due to their easy modification of the lipid bilayer surface [1]. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

All used chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). High purity deionized water (Milli-
Q Millipore 18.2 MΩ/cm, Bedford, MA, USA) was used throughout the study. 

2.2. Preparation of liposomes 

Lliposome L-8 was prepared by addition of 100 mg of cholesterol (C27H46O), 100 mg of 1,2-dioleoyl-sn-glycero-
3-phospho-rac-(1-glycerol) sodium salt (C42H78O10PNa) and 100 mg of phosphatidylcholine (C40H80NO8P) into 
15 ml tube. Everything was dissolved in 4.5 ml of chloroform (CHCl3). Liposome L-10 was prepared by addition 
of 100 mg of C42H78O10PNa and 100 mg of C40H80NO8P into 15 ml tube. Both of them were dissolved in 3 ml 
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of CHCl3. The preparation of liposome L-15 is the same as preparation of liposome L-8, except that it contains 
2-dioleoyl-sn-glycero-3-phosphoethanolamine (C41H78NO8P).  

Each of these mixtures are pipetted by 150 μl into 20 ml of the tubes and allowed to evaporate. These tubes 
contain 10 mg of liposome. And then the liposomes were extruded over a filter size about 100 nm. All of three 
types of liposomes were prepared according to [2]. 

2.3. Preparation of solutions 

Buffer for cisplatin determination was prepared according to method by [3]. For cisplatin solution, were mixed 
0.9 g sodium chloride (NaCl) with 100 ml Milli-Q water. Physiological saline solution (0.9 %) with concentration 
2.6 g/l was prepared by adition of 26.09 mg cisplatin into 10 ml this solution. Mixture was left 1 hour at 65 °C 
in 0.9 % physiological saline solution to whole cisplatin dissolution. 

2.4. Cisplatin encapsulation into liposomes  

For cisplatin encapsulation was used a stock solution with concentration 2.6 g/l according to [3]. From this 
stock solution, 75 μl (containing 196 μg cisplatin) was collected and mixed with 10 mg of liposomes. Then 
there was added 225 μl of ethyl ether to open the liposome for cisplatin. The resulting mixture was stirred into 
a water-oil emulsion in 1:3 ratio. After that, they were evaporated. Besides, 225 μl of physiological saline was 
added. Finally, this mixture was centrifuged at 4 °C per 1 hour to remove unclosed cisplatin. The supernatant 
was removed.  

2.5. Characterization of cisplatin encapsulation liposomes by DLS 

The size of the prepared liposomes was characterized by dynamic light scattering (DLS). The liposomes were 
extruded through a 100 nm pore filter to achieve the most uniform size. This size is also reported in scientific 
articles [4, 5]. Prior to measurement, both of the liposomes empty and the encapsulated ones were diluted 
with 500 μl of MiliQ water due to excessive polydispersity and the ability to detect the size of individual 
liposomes.  

2.6. Electrochemical detection of cisplatin encapsulation liposomes by DPV 

Determination of encapsulated liposomes by DPV were performed with 693 VA Computrace instrument 
(Metrohm, Switzerland), using a standard cell with three electrodes. A hanging mercury (HMDE) drop electrode 
with a drop area of 0.4 mm2 was the working electrode. An argentchloride (Ag/AgCl/3M KCl) electrode was 
the reference and carbon electrode was auxiliary. The analysed samples were deoxygenated prior to 
measurements by purging with argon (99.999 %). The cisplatin complex was then accumulated on the HMDE 
surface for 30 s at a potential of −0.5 V with constant agitation. The parameters of the measurement were set 
as follows: initial potential −0.5 V, end potential −1.2 V, deoxygenating with argon 120 s, modulation time 0.057 
s, time interval 0.1 s, step potential 1.95 mV, modulation amplitude 49.5 mV, volume of measurement cell was 
2 ml. 

2.7. Viability determination of cancer cell lines by MTT assay 

This assay is used to determine the viability of cancer cell lines. This method is based on the reduction of the 
yellow soluble 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) to insoluble formazan. 
Formazan is subsequently dissolved by the addition of a strong detergent and the purple color is evaluated 
spectrophotometrically at a wavelength of 570 nm. The absorbance value of the solution is directly proportional 
to the number of living cells [6]. The result of cell behaviour in individual conditions allows for the generation 
of a dose-response curve and an IC50 determination [7]. The assay was performed on MDA-MB-231 (breast 
cancer cell line) cell lines, A2780 (ovarian cancer cell line) and UKF-NB-4 (neuroblastoma cancer cell line) and 
UKF-NB-4-CDDP (neuroblastoma cancer cell line, cisplatin resistant). 
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3. RESULTS 

Electrochemical methods are sensitive to the detection of platinum groups. It was necessary mineralized [8] 
samples to determine concentration of cisplatin encapsulated liposomes by electrochemistry. We found out, 
that mineralization mixture during detection decrease peak height of cisplatin. Hence, in this experiment 
calibration curve was measured in concentration range from 0 µg/l up to 500 µg/l. 

 
Figure 1 Calibration curve of mineralized cisplatin 

Size of extruded liposomes was measured by DLS (NANO-ZS, Malvern Instruments Ltd., Worcestershire, 
U.K.) during 1 month and also was observed their stability. Size stability of extruded liposomes over the filter 
is based on study [9]. Liposomes were measured after nine reps.  

 

Figure 2 Size change of empty liposomes (100 nm) during month 

Moreover, the size of encapsulated liposomes with cisplatin was also measured by DLS, as well as empty 
ones. Nature of liposomes was studied in different solutions: physiological saline solution, intracellular and in 
Ringers solution (human plasma analogue). 
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Figure 3 Size change of liposomes with encapsulation cisplatin (100nm) during the month (A) liposomes L8, 
(B) L15, (C) L10.Blue - physiological saline solution, green - intercellular; yellow - Ringer solution 

The device has been set to automatic mode, which means that the device itself selects the optimal position for 
sample measurement in the cuvette. The size measurements were performed considering a refraction index 
of 1.456. For size measurement, were used disposable cuvettes type ZEN 0040, containing 50 µL of sample. 

The stability of liposomes with encapsulation cisplatin was observed by DPV in 24 hours (h) time framework. 
Liposomes with encapsulation cisplatin were stable in physiological saline solution. There was a partial 
cisplatin outflow after six hours, in intracellular. The same effect was observed in Ringer solution. 

Table 1 Cisplatin amount (μg) enclosed in liposomes during the 24 hours time Framework in three different  
  solutions 

 

Every dose of cisplatin about concentration 30 µg/ml was applied into cancer cells, because of MTT assay. 
After that, each of samples were measured by DPV. One control sample (cisplatin itself) was created about 
concentration 45.2 µg/l. Average amount of cisplatin in encapsulated liposomes: L15 about 7 µg, L8 

Liposome Time (h) Physiological saline solution Intracellular Ringer solution
0 12,63 13,68 11,94

L8 6 17,76 11,69 11,58
24 17,76 10,88 10,19
0 13,41 14,72 13,59

L10 6 14,22 13,68 7,19
24 14,15 8,42 6,28
0 5,45 5,15 4,61

L15 6 5,81 3,33 15,41
24 3,58 2,21 15,64
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approximately 14 µg and L10 approximately 11 µg in 10 mg liposome. L15 were unable to enclosed a suffient 
amount of cisplatin. Therefore, L15 were added in higher amount and it led to increased concentration of 
cisplatin.  

 

Figure 4 Interaction of cisplatin encapsulated liposomes with cancer cell line (A) NB4, (B) MDA-MB231, (C) 
A2780 and (D) NB4 CDDP 

We observed that liposomes L15 had the lowest ability to destroy cancer cell lines. Viability of cancer cells 
was higher than 50 % in each case. Thus, L15 had shown non-suitable for cisplatin closing. Besides, liposomes 
L8 weren’t supposed to decrease viability of cancer cell lines below 55 %. However they approve good ability 
to destroy neuroblastoma cell lines. The highest anti-carcinogenic activity was reported by liposomes L10, 
because of the decreased viability of breast cancer cells under the 45 % and moreover, they decreased viability 
of ovarian cancer cells below 20 %. However, viability of neuroblastoma cells L10 didn’t decreased under the 
50 %. 

4. CONCLUSION 

Aim of this experiment was a voltammetry study dealing with the influence of liposomal platinum cytostatic on 
cancer cells. We also optimized DPV method for liposomes measurement. The average size of liposomes drug 
is about 50 - 500 nm [10]. However, too small liposomes can’t enclosed enough of cytostatic. In this work, the 
size 100 nm was chosen as optimal. The size of the prepared liposomes (L8, 10 and 15) was monitored for 
one month. Their size was evaluated as stable during this time period. All of measurement was done during 
24 h. Because it supposed to, that cytostatic interaction with organism, wouldn’t be long than  
24 h. The highest anti-carcinogenic activity was reported by liposomes L10 applied onto ovarian and brest cell 
lines. 
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Abstract  

The present work is focused on preparation of chitosan films, which were doped with silver nanoparticles 
(AgNPs). AgNPs were prepared and stabilized by reduction of silver nitrate by chitosan without addition of 
other reducing agents. It was tested whether the use of UV light could affect the AgNPs in the process. The 
UV light irradiation took 5 min: during the preparation of chitosan solution and at the end of the process when 
the chitosan films were done. The presence of AgNPs was studied by X-ray photoelectron spectroscopy. 
Wettability and water absorption of the films were evaluated. Solid films were dissolved and then the solution 
was observed by the ultraviolet-visible spectroscopy and transmission electron microscopy. Concentration of 
the AgNPs released into the solution during dissolution was studied by atomic absorption spectroscopy. The 
presence of AgNPs was confirmed both in the solid films and in the solutions by the above mentioned methods. 
Our research was aiming on use of these films in medicine as a new type of wound dressing with antibacterial 
properties. These films could be used as a wound dressing, antimicrobial packaging material or as a long-term 
storage of AgNPs for various applications.  

Keywords: Polysaccharides films, silver nanoparticles, chitosan, film preparation and characterization 

1. INTRODUCTION  

Chitin is one of the most abundant polysaccharides on Earth. It is very important for production of chitosan, 
because chitosan occurs in nature very rarely. Chitosan is produced by chemical or enzymatically 
deacetylation of chitin which is found in invertebrates as crustacean shells or insect coticules. Other sources 
of chitin are mushrooms envelopes, green algae cell walls and yeasts [1]. Chemically, chitosan is N-
deacetylate derivative of chitin. Nowadays, chitosan is well known polycationic biopolymer with a wide 
spectrum of biological activities including antibacterial and antifungal effects and is used in both industry and 
pharmacy [2-4]. For better antibacterial activity of chitosan are added silver nanoparticles (AgNPs). Lately, a 
lot of studies were published about preparation, properties and utilization of chitosan films with AgNPs [3,5-7]. 
AgNPs can be prepared by different kinds of reactions. The first who have used chitosan in synthesis of gold 
and silver nanoparticles were Huang et al. [8,9]. Very cheap and easy was how to prepare and stabilize AgNPs 
is reduction of silver nitrate by chitosan without adding reducing agents [3,4]. This mean of preparation belongs 
to the field called green chemistry. Shao and Yao also used silver nitrate for the preparation of AgNPs but on 
the top of that they used UV light irradiation to initiate direct decomposition of silver nitrate [10]. 

This work is focused on the preparation of polysaccharide films based on chitosan. The prepared films were 
doped with silver nitrate yielding AgNPs embedded in the polysaccharide matrix. It was tested whether the use 
of UV light could affect the AgNPs. UV light was used for 5 min: during the preparation of chitosan solution 
and at the end of the process when the chitosan films were done. Concentration of elements in the surface 
layer of the prepared films was studied by X-ray photoelectron spectroscopy. Wettability and water absorption 
of the films were evaluated and the ultraviolet and visible spectroscopy of the dissolved films was measured. 
The concentration of AgNPs of the dissolved films was determined by atomic absorption spectroscopy. Size 
and shape of the AgNPs was studied by transmission electron microscopy. 
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2. EXPERIMENTAL 

2.1. Material 

High molecular weight chitosan (Chit) and silver nitrate (AgNO3) were obtained from Sigma-Aldrich, acetic acid 
was purchased from Lach-Ner. 

2.2. Preparation of polysaccharide films 

Polysaccharide films were prepared via process shown in Figure 1. Chronologically: chitosan (1 g) was 
dissolved in 200 mL of 0.2 % (v/v) solution of acetic acid. The solution was constantly stirred and heated at 
40 °C. After 2 h, 10 mL of AgNO3 was added (0.34 g of AgNO3 was dissolved in 10 mL of water, to achieve 
final concentration of 0.01 mol L−1). Then the solution was heated to 90 °C under constant stirring. The colour 
of the solution changed from colourless to yellow or ochre during 1 h. This colour change indicated reduction 
of silver ions to AgNPs [12]. Then the solution was cooled down to the laboratory temperature and aliquots of 
15 mL were poured into round silicone moulds, 5 cm in diameter. The samples were dried for 16 h at 60 °C. 
Finally, we got round homogenous yellowish, brown and violet-brown polysaccharide films (Figure 2). The 
other films were prepared by the same method under the same conditions with one extra step of 5 min UV 
light irradiation. Second set of films was irradiated after reduction of AgNO3 to AgNPs, the solution changed 
colour to violet and then the solutions were poured into silicone moulds and dried for 16 h at 60 °C. The third 
set of polysaccharide films was irradiated at the end of the process when the chitosan films were done and 
dried.  

 
Figure 1 Schema of the preparation of polysaccharide films with AgNPs 

2.3. Characterization methods 

The presence and concentration of AgNPs and other elements on the surface of the prepared films were 
studied by X-ray photoelectron spectroscopy (XPS) (ESCAProbeP spectrometer, Omicron Nanotechnology 
Ltd., Germany). Wettability of the prepared films was evaluated by Surface Energy Evalution System Advex 
Instruments, Brno). Water absorption of the films was evaluated gravimetrically (RADWAG MAX 60, Poland). 
Solid films were dissolved in acetate buffer and the solutions were measured by Ultraviolet-visible 
spectroscopy (UV-Vis) (LAMBDA 25, PerkinElmer, USA) and transmission electron microscopy (JEOL JEM-
1010, Japan). Transmission electron microscopy (TEM) was used to study the AgNPs size and shape. 
Concentration of AgNPs of dissolved films was determined by atomic absorption spectroscopy (AAS).  
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3. RESULTS AND DISCUSSION 

3.1. Characterization of solid films 

Three types of polysaccharide films based on chitosan were prepared (Figure 2). All of these films contained 
AgNPs. From Figure 2 it is apparent that UV light irradiation affected the colour of polysaccharide films. 

 

Figure 2 Prepared films: A - Chit-Ag, B - Chit-Ag-UV light (solution), C - Chit-Ag-UV light (film) 

3.1.1. X-ray photoelectron spectroscopy  

Concentration of elements on the surface of the prepared chitosan films was studied by X-ray photoelectron 
spectroscopy (XPS). The XPS showed the elemental composition of the superficial layer where we expected 
silver, results are summarised in the Table 1. As expected, the surface of samples contained elements typical 
for chitosan (carbon, oxygen and nitrogen) and silver. Silver was detected on the surface of all samples. 
Table 1 shows that the highest concentration of silver was detected on the surface of the Chit-Ag samples, 
where UV light was used during preparation (irradiation of the solution). The silver content on the surface of 
these chitosan films was ranging from 2.7 to 4.4 at.%. The highest percentage of silver on the surface was 
found for the Chit-Ag films, where UV light was used during preparation. A slightly lower concetration of silver 
was observed for pristine films Chit-Ag and the lowest amount of silver was found for Chit-PEG 400-Ag films. 

Table 1 Concentration of elements studied by XPS 

Sample Concentration of elements (at. %) 

C (1s) O (1s) N (1s) Ag (3d) impurities 

Chit-Ag 54.93 30.13 6.08 4.08 4.78 

Chit-Ag-UV light (solution) 56.45 28.22 5.83 4.42 5.08 

Chit-Ag-UV light (film) 56.86 33.09 6.31 2.69 1.04 

3.1.2 Wettability and water absorption 

Wettability and water absorption are very important properties of films which could be used as a wound cover. 
The values of the contact angle and water absorption determined wettability of the films. It can subsequently 
be used as an indicator of the ability to absorb exudate from injury. This testing is necessary to design wound 
healing material. Figure 3 shows results of the wettability and water absorption measurement. From Figure 3 
it is apparent that samples where UV light irradiation was used have lower value of the contact angle than the 
pristine film Chit-Ag. The highest wettability has pristine film Chit-Ag. The water absorption of films where UV 
light irradiation was used have lower value of the water absorption than the pristine film Chit-Ag. We found out 
that the addition of silver significantly reduced the wettability and water absorption [7]. From these experiments 
we found out that UV light irradiation reduced the wettability and water absorption too. 

C B A 
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Figure 3 Wettability and water absorption of the prepared films 

3.2. Characteristics of dissolved films 

Due to the natural properties of chitosan, the prepared films were soluble only at acidic pH. We dissolved a 
quarter of the prepared film in acetate buffer (pH = 4.65) and then transmission electron microscopy (TEM) 
and ultraviolet-visible spectroscopy (UV-Vis) were measured. The concentration of AgNPs of the dissolved 
films was also determined by atomic absorption spectroscopy (AAS). 

3.2.1 Ultraviolet-visible spectroscopy (UV-Vis) 

 
Figure 4 UV-Vis spectra of dissolved chitosan films in acetate buffer: A - Chit-Ag, B - Chit-Ag-UV light 

(solution), C - Chit-Ag-UV light (film) 

AgNPs were confirmed by UV-Vis spectroscopy. AgNPs have characteristic peak at wavelength around 
400 nm [7]. Figure 4 shows that the highest absorbance had solution of dissolved Chit-Ag-UV light (solution) 
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film. Very similar peak with lower absorbance was observewd for the solution of dissolved Chit-Ag film. The 
lowest absorbance had solution of the dissolved Chit-Ag-UV light (film) film. 

3.2.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) was used to get information about particle size and shape of 
prepared AgNPs. Figure 5 shows that AgNP had various shapes. Samples which were prepared with UV light 
irradiation had more AgNPs in the form of clusters than nonirradiated ones.  

 
Figure 5 TEM images of dissolved chitosan films in acetate buffer: A - Chit-Ag, B - Chit-Ag-UV light 

(solution), C - Chit-Ag-UV light (film) 

3.2.3 Atomic absorption spectroscopy (AAS) 

Atomic absorption spectroscopy was used to examine the rate of released AgNPs from the prepared chitosan 
films. Figure 6 shows that after 1 h the highest amount of AgNPs was released from the pristine Chit-Ag film. 
Lower amount of AgNPs was released from those chitosan films which were prepared with UV light irradiation. 
In this case, the UV light irradiation acted as a crosslinker so the release of AgNPs from the crosslinked film 
was difficult and therefore slower. After 18 h the amount of released AgNPs from the UV light irradiated films 
was approximately the same as for the other UV treated samples. 

 
Figure 6 Concentration of released AgNPs from the films 
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CONCLUSION 

Three polysaccharide films were prepared. The silver content on the surface of these chitosan films was 
ranging from 2.7 to 4.4 at. % of silver. The highest percentage of silver on the surface was found for the Chit-
Ag-UV light (solution) films and the lowest silver percentage had the Chit-Ag-UV light (film) films. The wettability 
and water absorption of films which were UV light irradiated had lower value than pristine film Chit-Ag. 
Transmission electron microscopy showed that AgNPs in these polysaccharide films have an average size of 
tens of nanometers and various shape of AgNPs. 
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Abstract 

Extracellular matrix (ECM) forms an essential part of tissue microenvironment. Compositional and structural 
properties of ECM modulate behaviour of cells, including their differentiation, proliferation, and turnover. Here 
we aimed at detailed characterization of the nanostructure of lung ECM and evaluation of its bioactivity on cells 
grown in vitro. Mouse lungs were decellularized using 0.2 % sodium dodecyl sulphate, hypotonic solutions, 
and DNase. Morphological analysis of the resulting ECM scaffolds was performed by means of transmission 
and scanning electron microscopy. The ECM scaffolds retained 3D architecture of the main lung anatomical 
regions: the alveolar region and the blood/airway network. The region-specific ECM nanotopology and 
organization of ECM macromolecules such as fibres of collagen, elastin, and fibrillin were characterized. The 
lung ECM scaffolds were also homogenized and applied as a supplement to growth medium on primary lung 
cells in vitro to test the bioactivity of lung ECM. We demonstrate that homogenized ECM does not have a 
negative impact on the proliferation rate of primary lung cells. In conclusion, we herein show at nanoscale the 
morphological characteristics of lung ECM and demonstrate that lung ECM produced by decellularization 
procedure is compatible with in vitro cultured lung cells. These findings add to a better understanding of cells 
with their natural environment and can be valuable when designing applications of ECM for purposes in tissue 
engineering.  

Keywords: Lung, extracellular matrix, nanostructure, bioactivity 

1. INTRODUCTION 

Tissue engineering is a clinically driven field, that uses cells and natural or synthetic scaffolds to in vitro 
reconstruct tissues and/or whole organs to serve as an alternative to tissues/organs for transplantation [1].  
Extracellular matrix (ECM) is a highly organized network of nanosized fibers of glycoproteins, proteins, and 
proteoglycans. ECM serves as a natural scaffold defining the shape and physical properties of tissues and 
organs. ECM also provides a niche-specific signaling to resident cells by immobilization of soluble growth 
factors and by exposing sequences for integrin binding. In epithelial tissue, a highly specialized form of ECM 
- the basal membrane is required to maintain epithelial cell polarity and directional movement of metabolic 
content [1]. In vitro, the natural ECM can be substituted with synthetic scaffolds in forms of nanofibers, gels, 
and/or foams, which are fine-tuned by means of their composition and structure [2]. Studies on synthetic 
scaffolds show that micro- and nanotopography of the scaffold are critical parameters, which affect cellular 
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processes such as cell adhesion [3,4], orientation [5], migration [3], and differentiation [5,6]. Therefore, to 
design scaffolds that will better mimic the ECM environment, complex knowledge of micro- and 
nanotopography of naturally occurring ECM is currently required. Decellularization is a method developed to 
remove cellular material from a particular tissue and/or organ, while leaving the ECM intact [7-11]. The result 
of tissue decellularization is an acellular 3D ECM scaffold, which maintains the original architecture of the 
tissue. In acellular ECM scaffolds, the nanostructure of the areas where cells are in a direct contact with ECM 
is exposed and can be visualized in detail by means of electron microscopy, unlike in non-decellularized 
tissues where the contact area is covered by continuous layer of cells. Here we decellularized mouse lung 
tissues and characterized micro- and nanotopology of ECM in alveolar, vascular, and airway regions of the 
lungs. The ECM scaffolds generated by decellularization of native lungs can be repopulated with cells in vitro 
and used as 3D tissue constructs for studying of cell-ECM interaction [7], for drug screening[12], and potentially 
also as transplants in clinic[13,14]. Here we investigated whether or not lung ECM influences behaviour of 
primary lung fibroblasts (LFs) cultured in vitro by assessing their cell proliferation. Our data evidence that 
proliferation of LFs is not dramatically affected by lung ECM added to the culture medium.  

 

Figure 1 Microarchitecture of decellularized lungs 

Representative images of alveolar region of decellularized lung tissues (A) with basal membrane of alveolar 
wall (white arrow) and alveolar space (white asterisk), as obtained by scanning electron microscopy. Image of 
decellularized blood vessel (B) showing denuded vascular wall (white arrow) and the lumen (white asterisk). 
Image of decellularized airway (C) showing denuded airway wall (white arrow) and airway lumen (white 
asterisk). 

2. MATERIAL AND METHODS 

2.1. Isolation and processing of lung ECM 

Lungs were excised from mice (strain C57BL/6, 6-9 weeks of age), sectioned into cubic explants of 
approximately 2 mm3 and then decellularized according to previously established protocol [15]. Shortly, the 
samples were embedded in OCT (Cryomatrix 6769006, Thermo Scientific) and underwent freeze/thaw cycle 
at -80°C. Subsequently the samples were incubated and agitated in hypotonic buffers, 0.2 % sodium dodecyl 
sulphate, DNase, followed by washes in PBS to remove cellular material. Resulting ECM scaffolds were 
processed for electron microscopy. For the use as medium supplement the samples were homogenized. ECM 
scaffolds were immersed in sterile PBS and mechanically disrupted by ceramic beads (MagNA Lyser Green 
Beads, Roche) using homogenizator (MagNA Lyser, Roche). Protein concentration was measured with DC 
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Assay according to the manufacturer's instructions (Bio-Rad). The homogenized ECM was passed through 
0.22 μm filter to remove larger insoluble ECM particles. For each culture experiment fresh ECM was isolated 
and homogenized before application. 

2.2. Scanning electron microscopy of lung ECM scaffolds 

Samples of decellularized lungs were fixed in 3 % glutaraldehyde in 100 mM cacodylate buffer for 2 h and then 
washed in cacodylate buffer (100 mmol/l sodium cacodylate in distilled water) for 15 min. The samples were 
dehydrated in 30, 50, 70, 80, and 96 % ethanol gradient (15 min per each concentration). The samples were 
dried at critical point dryer CPD 030 (Balzers Union Limited), sputtered with gold in a sputter coater SCD 030 
(Balzers Union Limited), and observed on scanning electron microscope (Vega, Tescan).  

2.3. Transmission electron microscopy of lung ECM scaffolds 

Samples of decellularized lungs were fixed in 3 % glutaraldehyde in 100 mM cacodylate buffer for 2 h and then 
washed in cacodylate buffer (100 mmol/l sodium cacodylate in distilled water) for 1 h. Samples were 
dehydrated in 70, 96, and 100 % ethanol gradient and then in 100 % acetone at 4°C, 40 min for each step. 
Subsequently, the samples were embedded in Durcupan resin. Ultrathin sections were prepared on 
ultramicrotome (LKB 8802A) and observed on transmission electron microscope (Morgagni 268D TEM, FEI). 

2.4. Isolation of mouse lung fibroblasts 

Lungs from ICR mice (6-7 weeks old) were excised, washed with PBS and minced using scalpel. The sorting 
strategy was adapted from a previously published protocol [16]. For culture experiments primary lung 
fibroblasts from three independent isolations were used. 

2.5. Metabolic labelling with EdU and staining with DAPI 

Cells were labelled with Click-iTTM EdU Alexa Fluor 594 HCS Assay (Invitrogen) as follows: 20 μM EdU was 
added to culture medium for 1 h at 37°C and then the cells were fixed in 3.7 % formaldehyde for 15 min. Cells 
were permeabilized using 0.5 % Triton. Click-iTTM reaction cocktail containing Alexa Fluor 549 azide was added 
and left for 30 min at room temperature, protected from light. Then the cells were washed off and remaining 
cell nuclei were stained with DAPI (Thermo Fisher Scientific, dilution 1:1000).  

2.6. Analysis of proliferation of lung fibroblasts cultured in medium supplemented by ECM  

To study the effect of ECM contained in medium on cell proliferation, the LFs from three independent isolations 
were seeded in 96-well plate in density of 100 000 cells/well in medium (DMEM, 10 % FBS, 1x 
Insulin/Transferrin/Selenium, 0.5 % penicillin/streptomycin) supplemented with increasing concentration of 
homogenized ECM (0 ng/ml, 10 ng/ml, 1000 ng/ml). The cells were cultured for up to 72 h with change of 
medium every 24 h. The cells were taken for analysis (EdU, DAPI) at 24 h, 48 h, and 72 h, respectively. DAPI+ 
and EdU+ nuclei were detected using automatic high-throughput microscope (Image Express Micro, Molecular 
Devices). Image analysis was performed using software Cell profiler 2.4. Number of DAPI+ and EdU+ cells was 
calculated for each condition and expressed as mean ± SEM. The assay was performed using LFs from three 
independent isolations in technical triplicate. 

The figure shows components of extracellular matrix of decellularized lungs as visualized by transmission 
electron microscopy (A-C). Image of alveolar region (A) with thin basal membrane (full arrowhead) separating 
the alveolar space (Al). Image of airway wall (B) showing basal membrane (full arrowhead) oriented towards 
the lumen of the airway (L), longitudinal section of collagen I fibers (full arrow) and transversal section of 
collagen I fibers (arrowhead), white area of elastin (asterisk) and fibers of fibrillin (arrow). 
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Figure 2 Nanoarchitecture of decellularized lung tissues 

3. RESULTS 

3.1. Morphology of lung ECM scaffolds 

 
Figure 3 Effect of ECM contained in culture medium on proliferation of lung fibroblasts 
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Lung ECM scaffolds were devoid of cells and exhibited porous structure, in which blood vessels, airways, and 
alveoli were identified by means of scanning electron microscopy (Figure 1). In the alveolar region, thin basal 
membranes, oriented towards the alveolar spaces, were exposed (Figure 1A). Basal membranes were also 
observed to form inner layers of blood vessel walls (Figure 1B) and walls of airways (Figure 1C). Transmission 
electron microscopy images of lung ECM scaffolds showed, at nanoscale, the organization of the alveolar 
region (Figure 2A). Thin basal membranes, which in native lungs underlay a monolayer of epithelial cells, are 
exposed in ECM scaffold, separating individual alveoli (Figure 2A). Walls of airways are composed of 
intertwined bundles of elastin and fibrillin located underneath the basal lamina. Bundles of collagen I 
macromolecules are present throughout the walls, oriented to multiple directions as shown in Figures 2B  
and 2C. 

Number of cell nuclei as determined over time of three days of culture of lung fibroblasts from three 
independent isolations in media supplemented with increasing concentrations of extracellular matrix (A). 
Percentage of proliferating cells, as determined by EdU positivity, over the time of 3 days of culture of lung 
fibroblasts from 3 independent isolations in media supplemented with increasing concentrations of extracellular 
matrix (B). Data are expressed as mean ± standard error of the mean. 

3.2. Effect of ECM contained in culture medium on proliferation of LFs. 

The similar growth of cells as determined by counting cell nuclei was evident in LFs from all three independent 
isolations irrespectively of the presence or absence (and concentration) of the ECM components in culture 
medum (Figure 3A). In other words, contents of ECM in culture medium did not influence growth of cells. We 
then determined the percentage of EdU+ cells to determine number of cells in S-phase under the same 
conditions as described above. In all groups of LFs, the number of EdU+ cells decreased over the time of 72 h 
in culture (Figure 3B). The content of ECM in culture medium affected slightly, however not significantly, the 
percentage of EdU+ cells in all groups of LFs. We observed an increase in percentage of EdU+ cells 
corresponding to increasing concentration of homogenized ECM in the medium. This effect was most 
pronounced at 24 h of culture and became diminished with the timely progression of culture. The increase in 
percentage of EdU+ cells was not large enough to be significantly different when analyzed by two-tailed T-test.  

4. DISCUSSION 

Cells bind to the growth substrate via integrins, surface receptors, which upon binding activate cytoplasmic 
kinases, growth factor receptors, and control the organization of actin cytoskeleton. Also, in order for cells to 
proliferate, an integrin-mediated ECM anchorage is required [17,18]. Thus, the ECM exerts profound control 
over cells. Nanoscale surface topology of ECM directly influences integrin binding by defining the shape and 
area of the substrate to which the cells can attach [1]. In our work, we characterized the micro- and 
nanostructure of lung extracellular matrix by means electron microscopy. First, we decellularized mouse lungs 
in order to expose the ECM for visualization of the inner and superficial ECM structures. Along the alveolar 
and airway system the lungs are lined with epithelial cells attached to basal membranes - a specialized ECM 
structure consisting predominantly of collagens, laminins, and heparan sulphate proteoglycanes among other 
components [15]. In decellularized lungs we observed a typical porous structure of alveolar region consisting 
of network of thin basal membranes enclosing the alveolar spaces. The inner surface of the decellularized 
airways and blood vessels also consisted of relatively smooth layer of basal membrane. It was notable that 
the basal membrane in airways and blood vessels was creased. However, it is important to consider that the 
creasing could be a result of collaps of the airway and blood vessel walls during decellularization. Under the 
basal membranes of airway walls, we identified fibers of individual ECM macromolecules such as collagen I, 
fibrillin, and elastin, showing their spatial arrangement at nanoscale.  

We then investigated if addition of homogenized ECM to growth media will affect proliferaltion of primary lung 
cells. We isolated LFs from mouse lungs and cultured them in ECM-supplemented medium. We show that 
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ECM contained in culture medium does not affect proliferation of LFs in vitro. We also show that in dose-
dependent manner, the ECM in culture medium slightly, however not significantly, increases the percentage 
of cells in S-phase. This observation directs us to further investigation. 

5. CONCLUSION 

Our study shows morphology of micro- and nanostructures of lung ECM, characteristics, which can be 
translated to development of synthetic scaffolds for lung tissue engineering. Also, we show that lung ECM 
produced by decellularization is compatible with cells in vitro, as it does not negatively impact on proliferation 
of primary lung cells. 
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Abstract 
Adsorption of antibodies to tularemia Francisella tularensis (F. name of the genus) on the surface of gold-
plated glass chips and the subsequent reaction of antigen-antibody were studied by surface plasmon 
resonance (SPR) technique. It was found that these antibodies tend to polylayer adsorption on the gold 
surface. However, washing with a buffer solution leads to desorption of weakly associated molecules, and the 
monomolecular coating with the same parameters remains on the surface for all initial concentrations of 
antibody in the solution. The antibody monolayer characterized by surface protein concentration near 2.6 
ng/mm3. This value corresponds to the area of about 100 nm2 per molecule of the immunoglobulin. This first 
adsorption layer adjacent to the surface irreversibly binds to it, which makes it possible to use such a system 
for subsequent diagnosis of tularemia microbes in solution. It was shown that rapid determination of the 
microbe in solution up to concentrations of 1.0 × 102 mcl / ml can be carried out using such biosensors using 
the SPR method. Based on the estimated area per molecule of the adsorbed antibody in the monolayer and 
the comparatively low signals of the antigen-antibody reaction, a conclusion was made about the lateral 
arrangement of the antibody molecules in the adsorption layer. The sensitivity of the proposed method can be 
improved by creating an oriented layer of antibody molecules, which promotes more effective interaction with 
the antigen. 

Keywords: Biosensors, SPR, orientation of protein, antibodies, the adsorption of proteins, Francisella  
        tularensis (F. tularensis) 

1. INTRODUCTION 

Recognition of antigens and antibodies is an important direction in the diagnosis of infectious diseases and 
specific indication of pathogenic agents in environmental objects, clinical material, food products, etc. One of 
the most dangerous infections for a person is tularemia. The susceptibility of people to tularemia is 100%. The 
causative agent of tularemia is the small bacterium Francisella tularensis (F. tularensis), which is characterized 
by high resistance in the environment, especially at low temperatures and high humidity. The spread of 
infection is hampered by the timely detection of its pest-spots. At present, a number of diagnostic methods are 
used to identify tularemia, the most famous of which are enzyme immunoassay (ELISA) and microgravimetric 
analysis [1-3]. These diagnostic methods are based on a highly selective biochemical "antigen-antibody" 
reaction. However, these methods have a number of significant drawbacks, including multistage and duration 
of the process, the need for additional labels, a sufficiently high concentration of antibody solutions (125 μg / 
ml) and antigen (10 6 - 104 microbial cells per ml (mcl / ml) )), which determine a large expenditure of expensive 
reagents. 
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One of the new promising methods for recording specific interactions is the surface plasmon resonance (SPR) 
method, which allows one to record with high sensitivity the binding of reagents to the sensor surface in real 
time and to characterize the energy of these interactions. This method is sensitive to changes occurring at 
distances of about 200 nm from the chip surface. During the deposition of the antibodies on the surface of the 
SPR sensor and subsequent interaction with the antigen, the optical properties (refractive index) of the near-
surface layer change. As a result, the shift of the resonance curve of the SPR is recorded. This shift is 
proportional to the surface concentration of adsorbed substances that binds to the chip [4]. 

Obviously, the antibody molecules in the sensitive layer of a SPR chip should be properly oriented to increase 
the accuracy and efficiency of antigen detection. In the present work, a method for recognizing the pathogen 
of tularemia in a solution by the SPR method is proposed. Based on the evaluation of the surface concentration 
of antibodies and the efficiency of their subsequent interaction with the antigen, a conclusion is drawn about 
their spatial orientation in the adsorption layer. 

2. MATERIALS AND METHODS  

2.1. Methods of obtaining tularemia antigens and antibodies to them 

Water-soluble tularemia antigens isolated complex method: water-salt extraction and disintegration of 
microorganisms: F. tularensis Miura, F. tularensis 890-Az, F. tularensis 543/6, F. tularensis 503/840, F. 
tularensis 15 NIIEG,  grown in egg yolk medium Mac-Coy for 24 hours at 370 C and inactivated with chloroform. 
The extraction of antigenic complexes was performed in 2.5 % solution of sodium chloride. Disintegration was 
performed under high pressure in the X-press (Sweden) and ultrasonic method on the apparatus of UZDN - 
2T (Russia) at a frequency of 22 kHz for 10 min. The degree of destruction of microbial cells was judged by 
the change in optical density, the amount of protein in the supernatant fluids and microscopically. 

The used tularemia antiserum obtained by immunization of rabbits according to the scheme developed by I. 
S. Tyumentsevoj and E. N. Afanasiev with the immunomodulator feracrylum [5]. For isolation of 
immunoglobulins used method for the fractionation of protein mixtures using caprylic acid. In the obtained 
serum of more than 90% were immunoglobulin (Ig) class G. 

2.2. The study of adsorption of antibodies on the gold surface of the SPR method 

Adsorption of proteins on the surface of gold-coated glass slides was studied by the surface plasmon 
resonance technique using a Biosuplar 6 (Mivitec, Germany) SPR spectrometer equipped with a flat two-
chamber flow cell (each chamber size was about 1 × 0.5 × 0.1 cm3). Before carrying out the measurements, 
the surface of the SPR chips was thoroughly cleaned by ethanol in ultrasonic bath and washed with twice-
distilled water. During the study, the solutions were pumped through both chambers of the measuring cell 
using a two-channel peristaltic pump (BT100-1F, LONGER Precision Pump, PRC) at a rate of 960 μl/min. A 
solution of phosphate buffered saline (PBS) (pH = 7.4) was passed through the cell until a stable signal was 
established. After this, a protein solution in the same buffer was introduced. Its adsorption on the chip surface 
was accompanied by a change in the optical parameters of the surface layer of the liquid, which led to an 
increase in the signal of the SPR spectrometer, measured in conventional units (CU). Solutions of antibodies 
and microbial cells were passed to the outlet for the first 1.5-2 minutes to establish the necessary concentration 
in the measuring cell. After that, the flow of liquid through the cell was circled. To study the reversibility of the 
protein-surface interaction the kinetics of protein desorption was studied in response to washing the system 
with the initial buffer solution. All measurements were carried out in a thermostatable box at a temperature of 
25 ° C. 

The surface concentration of the adsorbed proteins was estimated from the value of the saturated adsorption 
SPR signal. It is known that this value correlate linearly with the mass per unit area of the adsorbed protein 
[10] and for most proteins the change in signal for 1 RU for SPR spectrometer Biocore T100 corresponds to 
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adsorption of 1 pg/mm2. We compared the responses of Biosuplar 6 and Biocore T100 devices to the same 
series of solutions of potassium chloride with different optical densities. It was found that the signal 1 CU on 
Biosuplar 6 corresponds to the signal 6.5 RU on Biocore T100. Thus, it was found that the value 1 CU on the 
Biosuplar 6 device corresponds to the adsorption of approximately 6.5 pg/mm2 of protein. 

3. RESULTS AND DISCUSSION\ 

To obtain a biosensor sensitive to F. tularensis, we investigated the binding of antibodies to this microbe to the 
surface of a gold-plated SPR chip in the concentration range from 5 μg/ml to 125 μg/ml (Figure 1). The 
maximum concentration of antibodies in this range (125 μg / ml) is typical for the determination of tularemia by 
enzyme-linked immunosorbent assay and microgravimetric analysis [1-3]. With such a high concentration of 
antibodies, adsorption on the surface of the PPR chip occurred most intensively: 400 CU in less than 20 
minutes (Figure 1, curve 1). For lower concentrations, similar values of the adsorption signal were achieved 
for a longer incubation period (Figure 1, curves 2 and 3). Interestingly, almost never, even after 1 hour or 
more, the signal did not reach saturation. The growth of the adsorption signal did not stop. In addition, when 
washed with PBS buffer, the partial desorption of antibodies always ends when the PPR signal achieved 
approximately the same level near 390 CU. Accordingly, in relatively dilute protein solutions, desorption was 
practically not observed. Both these facts point to the tendency of antibodies to form a multilayer coating, which 
leaves after washing an irreversibly adsorbed monolayer on the surface. The monolayer is the same for all 
initial conditions (protein concentrations) of adsorption. Indeed, in multilayer coatings, the first adsorbed 
monolayer is usually most strongly bound to the surface, and subsequent layers are adsorbed reversibly [6,8]. 
Irreversible monomolecular adsorption of the antibodies makes it possible to use the resulting modified surface 
to recognize tularemia microbes in a solution based on the antigen-antibody reaction. 

 
Figure 1 Kinetics of adsorption of antibodies on the surface of the SPR chip and subsequent desorption in 
response to flushing the buffer solution depending on their concentration. The dotted line denotes the level 

of the end of the desorption of antibodies from the surface of the SPR chip. The concentration of 
immunoglobulin IgG (antibody): curve 1 - 125 µg/ml, curve 2 - 42 µg/ml, curve 3 - 5 µg/ml. 

Antibodies to tularemia are class G immunoglobulins. Their molecules with a mass 150 kDa are Y shape 
monomers with dimensions of 14.3x7.7x4.0 nm3. These molecules consist of two light and two heavy chains 
that are pairwise connected by disulfide bonds (-S-S-) (Figure 2). Between heavy chains there is also a 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

570 

disulfide bond. This is a "hinge region". This type of interpeptide conjunction gives the structure of the molecule 
dynamism, which makes it easy to change the conformation depending on the environment [7]. 

 

Figure 2 Schematic depiction of the IgG molecule and various variants of their location on the surface of 
the PPR chip: a, d - orthogonal, b - lateral arrangement of the molecule, c - "on the lateral sides", 

intermediate position 

Immunoglobulin IgG molecules can be oriented in different ways on the surface when binding to it. Examples 
of their different arrangement are shown in Figure 2 [7]. The most effective orientation for the antigen 
recognition is the orthogonal arrangement of the molecule, corresponding to case (a). With this orientation, the 
antigen-binding centres of the immunoglobulin are directed to the solution and are most accessible for 
interaction with the antigen. However, the binding with the surface in this case, obviously, should be weaker 
because of the small contact area. According to simple geometric estimations, one immunoglobulin molecule 
with this orientation should occupy near 30 nm2 of the surface area. The same area will be occupied by one 
lgG molecule with a similar but inverted orientation (case (d)). In case (b), with the lateral arrangement of the 
molecule with the maximum interaction with the surface, the surface area per molecule will be maximal and 
will be near 110 nm2. In the intermediate case (c) each adsorbed molecule will occupy near 60 nm2.  

Recalculation of the SPR signal corresponding to the monomolecular layer of antibodies (390 CE), allowed us 
to estimate surface concentration of the antibodies. The corresponding procedure is described above. This 
concentration was about 2.6 ng/mm2. According to the molecular weight of this protein, this value corresponds 
to approximately ~ 1010 molecules/mm2. In other words each antibody molecule occupies an area of about 100 
nm2 on the surface, which is close to the above estimate area for the lateral arrangement of molecules on the 
surface. According to the above estimates, with the maximum dense lateral placement, each antibody 
molecule should occupy 110 nm2 of the surface area. Obviously, such an ideal dense coating of the sensor 
surface is hardly possible. Probably the results indicate that some of the antibody molecules are not located 
laterally and are therefore more accessible for an effective interaction with the antigen.  

The following experiments confirmed the assumption of a relatively low activity of adsorbed antibodies as a 
result of their predominantly lateral orientation. In Figure 3 shows a sensorogram reflecting the kinetics of the 
processes occurring during sequential adsorption of an immunoglobulin at a concentration of 5 μg/ml on the 
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surface of a SPR chip, washing out weakly bound molecules, and then introducing a sample of F. tularensis 
antigen.  

 

Figure 3 SPR sensogram sequential adsorption of antibodies and antigen. The numbers are shown:  
1 - the baseline PBS-buffer, 2 - the introduction of IgG (antibodies) with a concentration of 5 µg/ml,  

3, 5 - washing PBS-buffer, 4 - introduction of F. tularensis antigen in PBS buffer with a concentration  
of 102 mcl./ml 

As in the experiments described above, after reaching a sufficiently high level of antibody adsorption on the 
surface of the SPR chip, the reversibly bound molecules were removed by pumping through the PBS buffer in 
the liquid circulation regime. The washing ended when the stable level was reached on the SPR sensogram. 
When a sample of F. tularensis antigen was injected at a concentration of 104 mcl / ml in PBS buffer, signal 
growth of SPR was observed, which indicate an "antigen-antibody" reaction. However, despite the 
considerable mass and size of the causative agent F. tularensis (0.2-0.7 x 0.7-1.7 μm) and its rather high 
concentration, the increase in the SPR signal was much less intense than during antibodies adsorption. Such 
a relatively weak signal may be due to the ineffective predominantly lateral orientation of the antibody 
molecules. 

4. CONCLUSION 

Thus, we have shown that solutions of antibodies with a concentration of 5 μg/ml can be used to create 
sensitive sensors for the determination of tularemia by the SPR method. The sensitivity of the received sensors 
allows rapid recognition of the microbe in solution up to concentrations of 1.0 × 102 mcl/ml. Predominantly 
lateral orientation of antibodies on the surface does not allow obtaining sufficiently high signals of antigen 
binding. The sensitivity of the proposed method can be increased by optimizing the conditions for adsorption 
of antibodies that promote their more efficient orthogonal orientation on the surface. More optimal orientation 
with greater availability of the antigen-active end of the immunoglobulin molecule can be achieved by improving 
the technique of their binding to the surface of the SPR chip. In particular, this result can be achieved by 
increasing the surface roughness, which helps to minimize the contact of the active regions of antibodies with 
the surface [9]. 
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Abstract 

A conformal coating of a thin diamond layer on three-dimensional metal bone implants was shown directly on 
stainless steel and TiAl6V4 cortical screw implant using ultrasonic and composite polymer pretreatment 
method. The best conformation coverage was achieved in the case of the WO3 interlayer for both stainless 
steel and TiAl6V4 screws. The process of osteointegration of the screw implants into rabbit femurs is evidenced 
by the formation of a bone edge via desmogenous ossification around the screws in less than six months after 
implantation. A detailed evaluation of the tissue reaction around the implanted screws shows good 
biocompatibility of diamond-coated metal bone implants. 

Keywords: Screw implant, diamond coating, osteointegration, histology 

1. INTRODUCTION 

Diamond thin films represent a target material having a unique combination of intrinsic properties such as low 
coefficient of friction, high abrasion resistance and corrosion resistance, high thermal conductivity, high 
hardness, chemical stability, osteointegration, radiation resistance, optical transparency, semiconducting 
character (insulator vs. conductor), tunable photoluminescence, biocompatibility, zero cytotoxicity, or even 
antibacterial properties. [1-6] 

Many medical applications require enhanced biocompatibility, low cytotoxicity, increased molecular bioactivity, 
osteointegration, bacterial biofilm resistance, reduced particle implantation, resistance to the environment, 
especially compared to commonly used medical steel and titanium alloys. The response of the body to 
commonly used metal implants cannot be avoided. [2,5,7] The long-term implant stability strongly depends on 
the surface properties (structural, mechanical, chemical) of the implant. Release of ions and wear particles 
from implants can be effectively prevented by robust, continuous, non-permeable and biocompatible coatings 
that adhere well to the bulk material. [8] Diamond proved as an excellent material supporting the adhesion, 
growth, viability, metabolic activity, and osteogenic differentiation of cells. [9] 

The deposition of diamond on the non-diamond substrate requires pre-treatment of the surface to reduce the 
energy barrier to the formation and growth of diamond grains. Also, it is difficult to prepare diamond layers on 
non-diamond substrates which contain carbon diffusion-promoting elements. [10] After the diamond 
deposition, there is often a high internal stress created by the difference in lattice constants and the coefficients 
of thermal expansion of the diamond and non-diamond substrate. 

The combination of layers consisting of either microcrystalline, nanocrystalline or boron-doped nanocrystalline 
diamond on a titanium alloy with a layer of hydroxyapatite was discussed by Strąkowska et al. [6] The authors 
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attribute the best adhesion of cells to hydroxyapatite on boron-doped nanocrystalline diamond. The suitability 
of use of diamond layers for endoprostheses was studied in the form of diamond-like layers on conventional 
metal implant materials, such as stainless steel AISI 316L, Ti6Al4V and CoCrMo. [1] The rate of corrosion of 
these implant materials in 10% HCl was 10,000 to 15,000 times lower compared to the uncoated material. No 
surface damage was observed for diamonds of passive implants for 6 months. Titanium coated with 
nanocrystalline diamond significantly increased surface hardness. The addition of O2 or NH3 to the working 
gas mixture during diamond growth affected its morphology and crystallographic quality, resulting in increased 
adhesion of osteoblasts to diamond. [11] 

Dental implants made of diamond-coated TiAl6V4 titanium alloys exhibited a similar degree of osteointegration 
as sandblasted implants, i.e. uncoated. [12] An increased osteoinductive effect in irradiated bone, which would 
otherwise heal more slowly, was demonstrated on the implant surface with a bone morphogenetic protein-2 
(BMP-2) functionalized nanocrystalline diamond layer. [13] 

Nanocrystalline diamond surfaces have been shown to be non-cytotoxic in primary fibroblast cultures and 
induce cell proliferation and stimulation of differentiation markers in treatment with reference polystyrene 
surfaces. [2] 

With a view to practical medical applications, we will show results of histology and micro-CT study after six 
and twelve months implantation of cortical screws in rabbit’s femur. These results are correlated with material 
characterization (morphology, composition, surface chemistry, hydrophilicity) of uncoated and diamond coated 
screws before and after in vivo tests. For diamond deposition, we investigated two pre-treatment methods 
based on seeding by colloidal diamond nanoparticles in ultrasonic bath and immersion in a polymer composite 
with diamond nanoparticles. Application of a 150 nm a-Si, Cr, or WO3 interlayer was also evaluated.  

2. EXPERIMENTAL 

Self-tapping cortical screw HA 3.5×8 mm made of stainless steel (SS) and Ti6Al4V alloy (Ti) were employed. 
Cortical screws were covered by approximately 150 nm a-Si, Cr or WO3 thin layers prepared by radio frequency 
chemical vapour deposition (CVD), thermal evaporation or magnetron sputtering, respectively. Prior the 
diamond deposition screws were pretreated either by suspension of ultra-dispersed detonation diamond (UDD, 
ø5-10 nm) or by immersion into polyvinyl alcohol and UDD colloid. The diamond coating was then deposited 
by CVD in a low-pressure linear antenna microwave plasma system [14] on bare SS and Ti cortical screws 
and screws with interlayers. The growth of diamond layer in the LAMWP system was performed for 60 hours 
at a total gas pressure of 10 Pa, microwave power of 2×1.7 kW and the gas mixture of 3.3 % CH4 and 13.3 % 
CO2 to H2. The substrate temperature was set to 450 °C using heatable substrate holder. The deposition was 
repeated two times overcoating top and bottom part of the screws. Surfaces of the diamond-coated screw 
implants were further modified by radio frequency oxygen plasma, a process expected to improve their 
hydrophilicity and adhesion of bone cells. Standard material characterization was done by SEM and Raman 
spectroscopy. 

In an in vivo experiment, a total of 20 rabbits were implanted with 20 different screws. While the control screws 
were uncoated, some of the nanodiamonds were coated by the above procedure. Already after 3 months, 
healing of the operating field and the onset of osteointegration were observed. Sampling was performed at 6 
and 12 months after implantation. Extracted distal femurs were subjected to micro-CT examination, followed 
by decalcification and the integrity check of the coating on the removed screws and subsequent histological 
processing of the bone. 

3. RESULTS AND DISCUSSION 

Figure 1 shows SEM images of the cortical screw and the morphology of deposited nanocrystalline diamond 
thin film with typical Raman spectra. Low magnification SEM image (Figure 1a) shows conformal coating of 
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the screw thread without any cracks and visible delamination of the NCD layer. We have found out that for 
conformal coating better results were obtained by ultrasonic pretreatment of SS screws while for Ti screws 
pretreatment by polymer composite gave better results. This behaviour is explained by the original material 
properties of SS and Ti cortical screw. By comparison of coated screws with and without interlayers, it was 
found that the best coating conformation and coverage was achieved in the case of the WO3 interlayer for both 
SS and Ti screws. Stainless steel screws preserve a smooth, glossy surface which, however, exhibits 
additional, optically unnoticeable nano-roughness due to diamond coverage. The noticeably rougher 
morphology of the coating on Ti screw is given by its primary rough surface (apparent from the matte 
appearance). The coating preserves well the micro-roughness of the implant and adds nano-roughness of 
NCD film. The typical nanocrystalline character of the diamond thin film (grain size < 100 nm) is shown in 
Figure 1b. Figure 1c shows typical Raman spectra of diamond films. The spectrum is dominated by one sharp 
peak centred at ~1330 cm−1 (sp3 diamond phase) and three bands centred at the frequencies of ~1150 cm−1, 
~1370 cm−1 and ~1600 cm−1. The D-band at 1 370 cm-1 is observed when small graphite crystallites are 
present. A broad band from approximately 1450 to 1630 cm-1 is a superposition of several bands, including 
trans-polyacetylene band (1450 cm-1) and G-band (related to sp2 graphite phase) at 1550-1620 cm-1 [15,16]. 
The trans-polyacetylene band (at 1150 cm-1) is attributed to grain boundaries when small grains (see 
Figure 1b) are present [18]. 

 
Figure 1 SEM macroscopic and microscopic view of Ti screw together with typical Raman spectra 

 

Figure 2 X-ray image of implanted Ti screw (a), micro-CT image of reaction in the vicinity of Ti screw (b) and 
Ti screw with diamond over-coating layer six months after implantation 

Figure 2a shows X-ray image of the Ti implanted screw into rabbit femur bone. Figure 2b shows the 
reconstructed 3D image and a selected plane of micro-CT. Figure 2c shows how the bone overgrows screw 
head. It could be seen that both normal and uncoated screw was well integrated into the host tissue with no 
separation between the bone and metal. Coated screw after 6 months appeared to be at least as well 
embedded within the trabecular bone as was the uncoated one after 12 months, including active covering of 
its head. 
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Figure 3 shows the vicinity of the implanted screw after four (a) and six (b) months of implantation. Almost a 
continuous edge of lamellar bone tissue was seen 4 months after implantation. The width of this border was 
greatest at the head of the screw, where it reached 200-250 µm. towards the tip of the screw, the bone tissue 
border narrowed to about 20 µm. At the tip of the screw, it was discontinuous, interrupted by a thin layer of 
collagen tissue. The new bone formation around the screw had the character of a desmogenous ossification. 
A thin layer of collagen ligament was present on the bone border under which osteoblasts adhered to the bone. 
After six months of implantation, both the micro CT (Figure 2b) and the microscopic image (Figure 3b) 
showed a contiguous edge of the bone tissue, at the screw head reaching 300 μm, at the tip of the screw about 
50 μm. 

 

Figure 3 Bone tissue lesion at the edges of the screw after 4 and 6 ray image of implanted Ti screw (a) and 
micro-CT image of reaction in the vicinity of Ti screw (b) three months after implantation. Hematoxylin and 

Eosin histological staining, transmitted light, 20x objective 

4. CONCLUSION 

The bone tissue reaction around the diamond-coated cortical self-tapping screw introduced into the rabbit 
femur was evaluated using micro CT and optical microscopy. The best coating conformation and coverage 
was achieved in the case of the WO3 interlayer for both SS and Ti screws. The coating preserves the micro-
roughness of the implant and adds the nano-roughness of NCD film. Histology of control implants (standard 
Ti alloy) after both 6 months and 1 year in rabbit femurs showed good osteointegration without any 
inflammatory reaction. Micro-CT examination after 1 year showed lamellar bone around the entire implant 
without any empty pockets. Diamond-coated screws examined after 6 months exhibited equally good 
integration into the bone and results from the 6 months interval indicate faster osteointegration. The diamond-
based coating thus provides a promising outlook for core material replacement (for avoiding Ti allergy) and for 
taking advantage of versatile and stable surface functionalization of diamond by diverse molecules (for faster 
osteointegration). 
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Abstract 

Mesenchymal stem cells (MSCs) are multipotent cells present in the stromal fraction of many tissues. Their 
immunomodulatory properties and differentiation potential have been proven beneficial in number of 
autoimmune disease therapy models. However a reliable in vitro approach to study MSCs differentiation in 
inflamed tissue and a clear insight into the involved signalling pathways may accelerate their application in 
vivo. 

Fibrin nanoscaffolds have been developed for cartilage tissue engineering and provide a natural matrix that 
can mimic synovium microenvironment. Moreover fibrin hydrogels allow recreating in vitro the same stiffness 
chondrocytes face in vivo, leading to improved chondrogenesis differentiation. Besides all these properties, 
fibrin can be completely degraded by nattokinase, allowing an easy single cell analysis. 

The aim of this work is to investigate the role of NF-kB inflammatory pathway in MSCs chondrogenesis 
performed within fibrin nanoscaffolds. Thus we established NF-kB luciferase reporter line to monitor 
transcription factor activation. Combining degradable fibrin nanoscaffold technology to reporter line for 
monitoring transcription factors activity will provide a powerful platform to understand the role of inflammation 
in different stages of chondrogenesis. 

Keywords: Nanoscaffold, fibrin hydrogel, mesenchymal stem cells, inflammation 

1. INTRODUCTION 

Mesenchymal stem cells (MSCs) are multipotent cells able to differentiate into osteoblasts, chondrocytes and 
adipocytes. During the last 10 years their biology has raised the interest of many research groups in the field 
of regenerative medicine [1]. Crosstalk with immune cells and differentiation potential during tissue 
inflammation are indeed two mechanisms that make them suitable for immunomodulatory therapies [2]. 

The role of MSCs in inflammation is driven through Toll Like Receptors (TLR), which enable the cells to sense 
exogenous molecules associated to pathogens and endogenous molecules associated to tissue damage [3]. 
This signalling cascade can have effect on MSCs differentiation potential and therefore hampering their 
beneficial properties.  

Recently it has been shown that cells can sense stiffness of the material in which they are embedded [4], for 
this reason we seed MSCs in 3D fibrin nanoscaffold in order to recapitulate MSCs in vivo niche. Fibrin is a 
rapid self-assembly material, composed of fibrinogen and thrombin and it is now intensively studied for 
cartilage tissue engineering [5]. Moreover changes in fibrinogen content we can tightly regulate hydrogel’s 
stiffness [6]. 

The aim of the project is to couple MSCs NF-kB reporter line to fibrin hydrogel nanoscaffold in order to establish 
a platform that can recapitulate in vivo MSCs niche. This approach allows us to monitor both MSCs 
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inflammatory status and differentiation potential, which are the most important aspects for further improving 
mesenchymal stem cells therapy. 

2. RESULTS 

To investigate signalling during inflammation we developed a stable NF-κB luciferase reporter line. Figure 1 
shows activation of NF-κB inflammatory pathway after stimulation with a TLR4 activator (LPS). 

Afterwards we prepared fibrin nanoscaffolds using 4 different concentration of fibrinogen, which determines 
changes in stiffness of the material. Structural changes in density of the material related to fibrinogen content 
are shown (Figure 2). We then perform SEM imaging to better characterize hydrogel structure and confirm 
differences observed already in macroscopic scale (Figure 3). 

To verify whether hydrogel stiffness affects inflammatory process and differentiation potential of MSCs we 
seeded MSCs into hydrogel and performed confocal imaging on hydrogel with different stiffness after 7 days 
of differentiation in chondrogenesis media. Cells were stained with antibodies against a marker of 
chondrogenesis (SOX9) and anti-firefly luciferase antibody to verify activation of NF-kB pathway during 
differentiation (Figure 4). 

 
Figure 1 Cultured MSCs NF-κB reporter was treated with inhibitory molecule (TPCA-1 1ug/mL, 6h), TLR4 
activator (LPS ultrapure 10ug/mL, 6h) and a combination of both. Firefly luciferase activity was measured 

using luminescence reader 

 

Figure 2 Fibrin nanoscaffold where prepared as stated in methods. Scale bar is 700um 
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Figure 3 Samples were processed as stated in methods. SEM images provide here a characterization of 
fibrin nanostructure 

 

Figure 4 Confocal imaging reveals activation of NF-kB pathway through luciferase reporter and expression 
of chondrogenesis marker (SOX9) when cells are seeded into 5mg/ml (upper panel) and 20mg/ml (lower 

panel) fibrin hydrogel  

3. DISCUSSION AND CONCLUSION 

Developing a suitable platform for correlating MSCs inflammatory profile and differentiation potential will 
provide a new insight for therapeutic use of stem cells in regenerative medicine. In this work we show that 
combination of MSCs reporter line to fibrin nanoscaffold can provide easy readout to monitor both 
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chondrogenesis process and inflammatory status, thus helping to correlate important aspects that make MSCs 
a promising tool for cellular treatment of inflammatory disorders  

4. METHODS 

Establish of stable luciferase reporter lines: Cells were seeded in 24 wells plate with 600μl of DMEM without 
Pen/Strep per well. Cells were transfected adding 2µl of Surentry and 12uL of particles in the media. After 6h 
transfection media was discarded and complete DMEM was added. After 1 day cells were put in selection 
(puromycin 0.5µg/ml) in order to obtain a homogeneous population with integrated the vector. 

Fibrin hydrogel preparation and cells seeding: Fibrinogen and thrombin were purchased from Baxter. 50uL of 
4U/mL thrombin diluted in PBS was mixed with 50uL DMEM media containing 2x105  cells. This solution was 
mixed 1:1 with fibrinogen 40mg/mL, 20mg/mL, 10mg/mL and 5mg/mL in order to obtain clot with a 
concentration of 20mg/mL, 10mg/mL, 5mg/mL and 2.5mg/mL respectively. 

Luciferase assay: Cells were lysed using one-glo from Promega (lysis and luciferase substrate). After 5 
minutes the intensity of fluorescence was measured using illuminometer 

Immunofluorescence: Cells in fibrin hydrogel were fixed using PFA 4% (SantaCruz) for 20 minutes, wash three 
times with PBS, embedded in OCT and cut using cryostat. For immunostaining we used primary antibodies 
anti-SOX9 and anti-firefly luciferase from Abcam. Cells were washed three times with PBS and stained using 
AlexaFluor 555, AlexaFluor 488 and DAPI. Imaging was performed using Zeiss LSM 780 confocal microscope. 

SEM samples preparation: cells were fixed in glutaraldehyde 3% for 2h and wash with cacodylate buffer. 
Dehydration was performed using ethanol from 30% to 99.6%. Then samples where transfer for drying and 
coated with golden/palladium. Image acquisition was performed using SEM Jeol 3000. 
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Abstract 

Cell-based therapy of local tissue injuries or damages requires application of stem cells and inhibition of 
harmful inflammatory reaction which could impede the healing process. To increase the effectiveness of this 
therapy, a local administration of drugs can avoid their side effects associated with a systemic treatment. A 
local therapy requires suitable carriers, which can transfer the cells and drugs to the site of injury. As a 
promising carriers turned out nanofiber scaffolds prepared by electrospinning technology from various types 
of polymers. The main advantage of this technology is a possibility to define properties of nanofiber scaffolds, 
optimal for the growth and transfer of stem cells, and which could incorporate various types of 
immunosuppressive drugs. Here we describe the formation and use of nanofiber scaffolds prepared by 
needleless electrospinning technology from poly (L-lactic acid) (PLA) which are loaded with 
immunosuppressive drug Cyclosporine A (CsA). We show that CsA-loaded nanofibers effectively and 
selectively inhibit proliferation of activated T cells and suppress the production of T cell cytokines in vitro. 
Simultaneously, these nanofiber scaffolds enable growth of mesenchymal stem cells (MSCs) and thus can 
serve as stem cell carriers. Moreover, using an experimental mouse model of skin transplantation, we showed 
that covering skin allografts with MSC-seeded and CsA-loaded nanofibers significantly inhibited the local 
production of pro-inflammatory cytokines IL-2, IL-17 and IFN-γ, and supported healing. Thus, nanofiber 
scaffolds seeded with stem cells and loaded with CsA can serve as carriers of cells and drugs for a local cell 
therapy and for simultaneous effective immunosuppression.  

Keywords: Nanofiber scaffold, immunosuppressive drug CsA, cytokines, stem cells 

1. INTRODUCTION  

Nanofibers prepared by the electrospinning technology has been shown as promising carriers for targeted 
drug delivery or as scaffolds for cell transfer in regenerative medicine. So far, various molecules have been 
incorporated into nanofiber scaffolds or were bound on their surface [1,2]. To modulate the kinetic of drug 
release from nanofibers, different kinds of polymers or composite nanofiber structures, including nanofibers, 
nanoparticles or self-assembling proteins, have been tested [3,4]. These materials have proved out as 
perspective carriers for number of molecules, including antibiotics, vitamins, growth factors and 
chemotherapeutics [5].  

Nanofiber scaffolds, which represent an optimal 3D matrix [6,7], have been successfully used also for cell-
based therapy. If genetically different cells are used for cell-based therapy, a local immunosuppression, 
compared to a systemic suppression of immunity, would be profitable for the protection of these cells from 
immunological attack. The use of biocompatible nanofibers which could serve as cell carriers and 
simultaneously would release selective immunosuppressive drugs will be of main priority. 

To approach this task, we prepared and tested nanofibers which were fabricated by original needleless 
electrospinning technology from a biocompatible polymer poly (L-lactid acid) (PLA). Nanofibers prepared from 
the PLA can be seeded with different cell types and can serve as carrier for cell-based therapy. We have 
recently shown that nanofibers can be successfully used as a scaffold for stem cell transfer to treat ocular 
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surface injuries and limbal stem cell deficiencies [7]. Here we show that PLA nanofibers can be simultaneously 
loaded with immunosuppressive drug Cyclosporine A (CsA) and seeded with different types of cells. These 
constructs can be used for cell-based therapy and for a simultaneous local suppression of harmful T cell-
mediated immune reactions. 

2. METHODS 

2.1. Nanofiber preparation 

A modified needleless NanospiderTM technology [8] was used for the preparation of PLA nanofibers. This 
technology flexibly enables the formation of fibers tens of nanometers to tens of micrometers in diameter. The 
nanofibrous samples used during this study were prepared at a basic weight of 5, 10 or 25 g/m2 and nanofibers 
had diameter size ranging from 290 - 539 nm. The morphology of CsA-free and CsA-loaded PLA nanofibers 
and their nanofibrous architecture was analysed using scanning electron microscopy (SEM). 

2.2. T cell proliferation assay and assessment of immunosuppression in vitro 

The single spleen cell suspension (0.5 x 106 cells/ml) from BALB/c mice was cultured in a volume of 200 µl of 
the complete RPMI 1640 medium unstimulated or stimulated with 1.0 µg/ml of Concanavalin A (Con A). To 
determine cell proliferation, 3H-thymidine (1 µCi/well) was added to each well for the last 6 h of a 72-h 
incubation period. The 3H-thymidine incorporation into cells was measured using a scintillation counter. 

To characterize immunosuppressive potential of CsA-loaded nanofibers, nanofiber samples of variable size 
(ranging from 1 mm2 to 25 mm2), various basic weight (5, 10 or 25 g/m2) and different concentrations of CsA 
(0, 1, 2.5, 5 or 10 wt.%) were added into wells with Con A-activated spleen cells. CsA at concentrations ranging 
from 1 pg/ml - 100 µg/ml was added to the cultures of Con A-stimulated cells as a positive control. 

2.3. Determination of kinetics of CsA release from nanofibers in vitro 

Samples of nanofibers (size 5 x 5 mm, basic weight 10 g/m2, concentration of CsA 10 wt.%) were soaked into 
wells with 250 µl of RPMI 1640 medium with 10% FCS at the laboratory temperature. The nanofibers were 
repeatedly transferred after 0.5, 1, 2, 4, 8, 12, 24, 48, 72 and 96 h into new wells containing fresh medium. 
The supernatants from the individual wells after each transfer were harvested, stored at -20oC and tested for 
the inhibition of Con A-induced T-cell proliferation and IL-2 production. 

2.5. Proliferation and cell viability of nonlymphoid cells  

Mouse limbal stem cells (LSC) and mesenchymal stem cells (MSC) were prepared from BALB/c mouse tissues 
as we have described [9]. Mouse embryonal fibroblast cell line 3T3 was obtained from the American Cell 
Culture Collection. LSC, MSC or 3T3 cells were cultured at a concentration 25 x 103 cells/ml in a volume of 
200 µl of a complete RPMI 1640 medium alone or in the presence of CsA-free or CsA-loaded nanofibers. 
Proliferation of cells was determined by 3H-thymidine incorporation. 

To determine the cell growth on nanofibers, nanofiber scaffolds were fixed into CellCrownTM24 inserts. The 
inserts with nanofibers were placed into 24-well tissue culture plates and seeded with 105 cells in a volume of 
700 µl of a complete RPMI 1640 medium. The plates were incubated for 24 h and cell viability and metabolic 
activity was determined by the Cell proliferation reagent WST-1 assay [7].  

2.6. Production and detection of cytokines and nitric oxide (NO) 

Spleen cells from BALB/c mice (0.5 x 106 cells/ml) were stimulated with Con A (1.0 µg/ml) in a volume of 800 
µl of the culture medium in the absence or presence of nanofiber samples. The concentrations of cytokines  
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IL-2, IFN-γ and IL-17 in the supernatants were assessed by an enzyme-linked immunosorbent assay (ELISA) 
following the instructions of the manufacturers (R & D Systems). 

For production of IL-12 and NO, mouse peritoneal macrophages (1 x 106 cells/ml) were stimulated with 
lipopolysaccharide (LPS, 1.0 µg/ml) and IFN-γ (5 ng/ml) in the absence or presence of nanofibers. The 
concentrations of IL-12 in the supernatants were measured by ELISA (R & D Systems). The levels of NO in 
the supernatants were determined after 48 h using the Griess reaction [10]. 

2.7. Mouse model of skin grafting 

Skin grafts from B6 donors were transplanted in BALB/c recipients according to the technique of Billingham et 
al. [11]. The grafts (size 8 x 8 mm) were covered with CsA-free or CsA-loaded nanofibers. The grafts were 
removed on day 7 after transplantation and the grafted tissue was used for real-time PCR analysis to detect 
expression of genes for pro-inflammatory molecules, or the graft explants were cultured in vitro for 48 h [12] 
and the concentrations of IL-17 in the supernatants were assessed by ELISA. 

To determine the kinetic of CsA release in vivo, the CsA-loaded nanofibers were removed 1, 2, 4 or 8 days 
after transplantation and the content of CsA retained in nanofibers was determined. The immunosuppressive 
potential (suppression of T cell proliferation, inhibition of IL-2 production) of the collected nanofibers was 
compared with that of the original CsA-loaded nanofibers or with a pure CsA standard, and the percentage of 
CsA remaining in nanofibers was calculated. 

2.8. Characterization of inflammatory reaction by real-time PCR 

The expression of genes for pro-inflammatory cytokines IL-2 and IFN-γ in cells from control or nanofiber-
covered skin allografts was determined by a real-time PCR. The details of RNA isolation, transcription and 
PCR parameters we have described [7, 9].  

3. RESULTS 

3.1. Immunosuppressive properties of CsA-loaded nanofibers  

The addition of CsA-loaded PLA nanofibers, but not nanofibers from PLA without CsA, into wells with Con A-
stimulated spleen cells strongly inhibited T cell proliferation (Figure 1A). CsA-loaded nanofibers also inhibited 
in a dose-dependent manner the production of IL-2 (Figure 1B), IL-17 (Figure 1C) and IFN-γ (Figure 1D) by 
Con A-stimulated spleen cells. The inhibition depended on the concentration of CsA in PLA (Figures 1A-D) 
and on the basic weight of the nanofibers (data not shown). On the contrary, production of IL-12 (Figure 1E) 
or NO (Figure 1F) by LPS/IFN-γ stimulated macrophages was not inhibited in the presence of CsA-loaded 
nanofibers. 

3.2. The kinetics of the drug release in vitro and in vivo   

To study the kinetics of CsA release from CsA-loaded nanofibers, the samples of nanofibers were soaked into 
250 µl of a complete RPMI 1640 medium and at the indicated time intervals the nanofibers were transferred 
into the same volume of fresh medium. The presence of released pharmacologically active CsA in the culture 
media obtained at individual time intervals was assessed by their ability to inhibit T cell proliferation and IL-2 
production. A significant amount of CsA was detected in the samples harvested at the intervals within the first 
12 h of incubation, but the release of CsA continued consequently for at least 96 hours (data not shown). 

To evaluate the release behavior of CsA in vivo, CsA-loaded nanofibers covering skin allografts were collected 
1, 2, 4 and 8 days after grafting and the presence of CsA in the nanofibers was tested for its ability to inhibit 
Con A-induced T cell proliferation and IL-2 production. The results showed that nanofibers collected at all 
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tested days still retained a sufficient amount of CsA to effectively inhibited T cell proliferation or IL-2 production. 
A quantitative determination of CsA content in nanofibers collected at the individual time points showed, in 
comparison with the amount of CsA in original nanofibers at the time 0,  that about 50% of CsA was retained 
in nanofibers on day 2 and about 35% of the original CsA content remained in nanofibers on day 8 after grafting 
(data not shown). 

 
Figure 1 Selective inhibition of T cell proliferation and cytokine production by CsA-loaded PLA nanofibers. 
Mouse spleen cells were cultured unstimulated (-), stimulated with Con A (+) or were stimulated with Con A 

in the presence of nanofibers (size 2 x 2 mm, basic weight 10 g/m2) with indicated content (wt%) of CsA. Cell 
proliferation (A) and production of IL-2 (B), IL-17 (C) and IFN-γ (D) were determined. The production of IL-12 
(E) and NO (F) by macrophages stimulated with LPS/IFN-γ in the presence of nanofibers with the indicated 

content of CsA was also assessed 

3.3. The growth of cells on CsA-loaded PLA nanofibers 

Three types of cells, LSC, MSC and 3T3 fibroblasts, were cultured in plastic tissue culture plates in the 
presence of CsA-loaded PLA nanofibers. It was observed that the cell growth in the presence of CsA-loaded 
nanofibers was comparable as in the presence of nanofibers prepared from PLA only or in wells without 
nanofiber samples (data not shown). In addition, the cells were seeded on plastic of 24-well tissue culture plate 
and on PLA nanofibers without CsA or on CsA-loaded nanofibers. Cell proliferation was determined after a 24-
h incubation period by the WST-1 assay. All cell types grew on CsA-containing nanofibers comparably as on 
nanofibers without CsA (data not shown). 
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3.4. Suppression of a local inflammatory reaction in vivo 

Rejection of skin allograft induces a local inflammatory reaction which can be detected by the expression of 
genes for pro-inflammatory cytokines IL-2, IL-17 and IFN-γ. Covering of the inflammatory sides with CsA-
loaded nanofibers significantly inhibited the expression of genes for IL-2 and IFN-γ and attenuated production 
of IL-17 in the cultured explants of skin allografts which had been covered by CsA-loaded nanofibers (data not 
shown). 

4. DISCUSSION 

Transplantation of organs or a transfer of genetically different cells requires an extensive systemic 
immunosuppression to inhibit immune response to antigens on the grafted cells. The systemic 
immunosuppression is regularly associated with the harmful side effects which prevent the use of high and 
effective doses of immunosuppressive drugs. To avoid this problem, the local delivery of drugs offers a 
promising treatment. Nanotechnologies provide a perspective tool for preparing an optimal carrier for targeted 
drug delivery. Here we showed that CsA, a potent inhibitor of T cell functions, can be effectively loaded into 
PLA nanofibers and used for a local immunosuppression to treat inflammatory and transplantation reactions. 

CsA represents one of the widely used immunosuppressive drugs, but its use is limited by the side effects, as 
are nephrotoxicity, gingivitis or hirsutism, regularly observed at higher doses of this drug. At lower 
concentrations, CsA selectively inhibits T cell functions without apparent effect on other cell populations. 
Therefore, we prepared nanofibers with various basic weights and with different content (1 - 10 wt. %) of CsA. 
The addition of these CsA-loaded nanofibers into cultures of spleen cells stimulated with Con A inhibited T cell 
proliferation and suppressed production of T cell cytokines. The production of IL-12 or NO by activated 
macrophages or the growth of LSC, MSC and 3T3 fibroblasts was not inhibited in the presence of CsA-loaded 
nanofibers. These results indicate that incorporation of CsA into PLA nanofiber scaffold do not impair the 
immunosuppressive properties of CsA. The studies of kinetic of CsA release in aqueous solutions revealed 
that the majority of CsA was released into culture medium from nanofibers within the first few hours, but a 
significant amount of CsA was retained in nanofibers and was gradually released for more than 96 h. The 
sustained release of CsA for few days is different from the pattern of a release of water-soluble small molecular 
weight substances which are rapidly released from nanofibers within few minutes or hours [13]. The drug 
release profile in vivo may be quite different from that observed in aqueous solutions in vitro. Indeed, we 
observed that CsA-loaded nanofibers retain a substantial amount of the drug for more than 8 days when they 
are placed on skin allograft in vivo.  

Although the potential use of drug-loaded nanofibers has been extensively discussed, there are only few 
studies proving the effectiveness of drug-loaded nanofibers in biological systems in vitro [14, 15] and in vivo 
[16,17]. Our data presented here show that CsA-loaded nanofibers fabricated from PLA polymer effectively 
and selectively inhibit proliferation of activated T cells and suppress production of T cell cytokines in vitro. 
Moreover, using an experimental model of skin transplantation in mice we showed that covering of the 
inflammatory sides with CsA-loaded nanofibers significantly inhibited a local production of pro-inflammatory 
cytokines IL-2, IL-17 and IFN-γ. 

In addition to their ability to serve as drug carriers, CsA-loaded nanofibers can be used as scaffolds for the 
growth and transfer of cells. We showed that LSC, MSC and 3T3 fibroblasts grow on CsA-loaded nanofibers 
comparably as on nanofibers prepared from a CsA-free PLA. Since nanofibers prepared from PLA polymer 
have comparable mechanical properties as nanofibers from polyamide, that we recently described and used 
for LSC and MSC transfer to treat ocular surface injuries [7], CsA-loaded and simultaneously cell-seeded PLA 
nanofibers appear to be a suitable scaffold also for cell transfer in cell-based therapy and regenerative 
medicine.   
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5. CONCLUSION 

In conclusion, we showed that immunosuppressive drug CsA can be directly loaded into electrospun 
nanofibers without any loss of its pharmacological activity. Such CsA-loaded nanofibers can be used as drug 
carriers for a local suppression of inflammatory reactions and as scaffolds for cell transfer in tissue repair and 
regeneration. These observations suggest that the CsA-loaded PLA nanofibers may be highly perspective for 
simultaneous cell-based therapy and a local suppression of harmful T cell-mediated immune reactions. 
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Abstract 

Advancement in organoid cultures from human pluripotent stem cells allows studying complexity of tissue 
specific interactions in vitro. This organ in a chip approach provides an important tool for translational research. 
Successful development of nanoparticles and nanostructures for clinical use has increased the need for more 
reliable and high-throughput experimental models beyond conventional cell culture. Human induced 
pluripotent stem cells (iPSCs) can be differentiated to multiple cell types including tissue-like organoids. Here, 
we study the interaction of nanoparticles with differentiated tissue cells and analyse their effects on various 
organoids in vitro. Human tissue organoids are differentiated from iPSCs by growth factor and by manipulation 
of various developmental signal pathways with inhibitors. The 3-dimentional structures of the bodies, with 
structural features similar to the appropriate human organ/tissue are obtained by embedding in a matrix. In 
order to test organoid as a model for interaction with nanoparticles, the organoids are injected with nano-sized 
particulate triggers such as glucans. The various tissue models are compared for their nanoparticle-induced 
stimulation by screening for inflammatory cytokines. Described model will allow studying human tissue 
interaction with nanoparticles, which for example are used in drug delivery. 

Keywords: Nanoparticles, organ in a chip, lung-organoid, stem cells, lipopolysaccharide 

1. INTRODUCTION 

During development, the human lungs arise from the anterior foregut of the mesoderm as tubulated structures, 
giving rise to predominantly pulmonary epithelium and associated tissues such as basal cells and 
mesenchyme. Recent progress in the regenerative medicine, as well as defining stem cell niche factors that 
are important for lung development, led to the establishment of an in vitro three-dimensional (3D) culture 
system, termed pulmonary (lung) organoids [1]. This model system is useful in a number of applications 
ranging from in vivo inhalation toxicology study for smokers and harsh-environment workers to multiple basic 
research approaches [1,2]. The main advantages of the organoid model comparing to conventional cell 
cultures are the complexity of different cell types and specific tissue like microenvironment. The tool also 
provides a high-throughput platform for study of the differentiated human airway like tissue. The use of patient 
derived lung organoid models for drug screening is one of the most futuristic methodology of personalized 
medicine [3]. 

The alveolar membrane is the largest surface of the body in contact with the outside environment. Therefore 
lungs are in the front line of host defence, furthermore healthy lung are infiltrated by number of immune cells 
of different phenotypes [4]. The immune cells together with lung epithelia are initiators of innate immune 
response, as they produce numerous cytokines directly in response to injury or pathogens [5]. Majority of these 
studies are conducted in mice models lung cancer cell lines, which has a limitation of being too distant from 
human lung tissue physiology. Innate immune triggers such as LPS-induced lung models have been used 
extensively to explore mechanisms of multiple diseases and provide useful information on the discovery of 
novel biomarkers and drug targets. Here, we are using an induced pluripotent stem cell derived 3D lung 
organoid system as the study model. This model system in combination with physiologically-inert nanoparticles 
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are used to establish the interaction of nanoparticles within the pulmonary cells and also to check how lung 
tissue can generate inflammatory response in an immune less environment. 

2. MATERIALS & METHODS 

Undifferentiated human induced pluripotent stem cells were maintained in mTESR-1 (Stemcell Technologies) 
media on hES-qualified matrigel coated tissue culture plates, according to the manufacturer’s instructions. 

 
Figure 1 Experimental setup of lung organoid (LO) treatment with nanoparticles. A - Los embedded in 

matrigel to form 3D structure. B - Microinjection of LO’s with Dextran nanoparticles. C - Brightfield 
microscopic image of budding LO. D - Visualization of dextran nanoparticles labelled with TRITC inside  

the LOs 

The iPSCs are differentiated into 3D-lung organoids by a three step differentiation process (as described in 
De Luca, et al [5]) which is an adaptation of Dye BR et al [6]. iPSCs on reaching ~80% confluency are fed with 
endoderm differentiation medium (RPMI1640 + P/S (500U/ml) + 100ng/ml Activin A and defined FBS ranging 
0% - 0.2% - 2% over 3 days) to develop definitive endoderm. The endodermal layer is fed with foregut 
differentiation media daily (Advanced DMEM/F12 + N2 supplement+ B27 supplement + HEPES (15mM) + 
Glutamine(2.5mM) + P/S (1%) + Noggin (200ng/ml) + SB431542 (10uM)) for 4-5 days. After ~3-4 days of 
exposure to foregut differentiation medium, 3D structures will start to become visible and by day 5 is possible 
to see free-floating anterior foregut spheroids that have detached from the dish. Collect spheroids from every 
well under a microscope using a 200-μl pipette tip cut to make wider and pool ~30 spheroids into a 1.5-ml 
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microcentrifuge tube with 25ul media. Mix the media-spheroid mixture with 1:1 volume of matrigel (i.e 25 ul) 
and place like a bead over Nunc delta surface plates and is fed with LO media weekly (foregut media + FGF4 
(500ng/ml) + CHIR99021 (2uM) + 1% FBS). Around 15-20 days 3D-organoids which exhibit features of human 
lung tissues are obtained, which can be split and maintained (Figure 1 A, C). 

Labelled dextrans are hydrophilic polysaccharides most commonly used in microscopy studies to monitor cell 
division, track the movement of live cells, and to report the hydrodynamic properties of the cytoplasmic matrix. 
The labelled dextran is available at different molecular weights based on the particle size. Here we are using 
a 3000 MW, neutral dextran which has particulate size at nano-level and are labelled with 
Tetramethylrhodamine (TRITC). Dextran particles are dispersed in PBS (solubility <50 mg/mL for 3000 MW 
dextrans) correspondingly to maintain particularity of the nanoparticle. The dispersed dextran nanoparticles at 
estimated 10 particle per cell concentration was injected into the lung organoids using a Sutter instruments 
microinjector under a stereo microscope (Figure 1 B). 

The lung organoids after 24hrs of dextran microinjection are collected and imaged under microscope for the 
nanoparticle to cell interaction (Figure 1 D). The organoids are further screened for inflammatory responses - 
production of cytokines. These readouts are obtained at mRNA level by qPCR using a Roche LightCycler 480 
RT-PCR and imaging under Zeiss confocal microscope. 

3. RESULTS & DISCUSSION 

Lipopolysaccharide (LPS), a major component in gram-negative bacteria, has been used to induce several 
disease models of lung tissue [2]. Previous studies using mice models have shown that exposure to 
nanoparticles such as carbon black, which is a mild air-pollutant as well as latex nanotube, which is considered 
biologically inert, facilitate pulmonary inflammation via both innate and adaptive immunological impairment [7]. 
Indeed, it has been reported that nanomaterial exposure itself induces lung inflammation in case of titanium 
dioxide, gold and platinum spheres, and quantum dots [7]. These immunogenic effects make these particles 
another inflammatory trigger but not suitable candidates for drug delivery or in vivo cell tracking. Here, in our 
experimental approach LPS is able to induce inflammatory response in the lung organoids by 24 hour 
treatment and is able to stimulate the production of cytokines such as IL-1b, IL-6 and IL-12 (Figure 2).  

 

Figure 2 Q-PCR analysis of inflammatory cytokine production by lung organoids (LOs) after microinjection of 
dextran nanoparticels in comparison with nontreated and LPS treated LOs 
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But, dextran an inert polysaccharide at nano-size is not able to generate any inflammatory responses in the 
LOs (Figure 2). Here we provide a model where various nanoparticles can be tested for their 
immunomodulatory properties in tissue like microenvironment in vitro. Our results suggest that apart from the 
particle size, the material of the nanaoparticle could as well play a very important role in its biological activity, 
and also projects the potential role of dextran nanoparticles in drug delivery. Together with the lung organoid 
model, these nanoparticles would make an excellent experimental platform for translational medical research. 

4. CONCLUSION 

Using iPSCs derived lung organoids, we are able to analyse the cytokine response to various triggers including 
nanoparticles. Here we show that lung like tissue derived from human iPSC is able to produce inflammatory 
cytokines, IL-1b, IL-6 and IL-12 in response to LPS, while the nanoparticles microinjected into the organoid do 
not trigger the cytokines expression. After further development this approach may provide in vitro platform to 
test lung cells responses in more complex 3D environment.  
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Abstract  

Oppositely charged polyelectrolytes and surfactants can form under specific conditions hydrogels containing 
micelle-like nanostructures. Due to its hydrophobic core, these structures are capable of solubilizing 
hydrophobic substances within hydrophilic soft solid matrix. Such hybrid materials can be subject of interest 
for medical applications. In this study, interactions between cationic dextran and sodium dodecylsulphate were 
studied and conditions of gel formation investigated. Using the technique of fluorescence probe, phase 
behaviour was analysed and region of the gel phase separation detected. Solubilisation of hydrophobic dyes 
confirmed the formation of micellar domains. The gel formation was affected by ionic strength of gelling 
solutions.  

Keywords: Hydrogels, polyelectrolytes, surfactants, micelles, solubilisation  

1. INTRODUCTION 

Due to electrostatic interactions and electrostatic forces between polyelectrolytes and oppositely charged 
surfactants many types of colloids, nanocolloids or even bulk materials can be formed, see, e.g., the 
monograph by Holmberg et al. [1]. Hydrogels can be, under proper conditions, prepared by simple mixing of 
the polyelectrolyte and surfactant solutions, the surfactant micelles can act as crosslinking points and gelled 
material is formed. Dispersed phase in gels (colloidal “particles”) is in solid state and dispersion phase in gels 
is in liquid state. Surfactant micellar structures form hydrophobic domains which are in scale of nanometers 
and should be capable of solubilisation of hydrophobic substances (within the otherwise hydrophilic gel matrix). 
Hydrogels combine the behaviour of solids and liquids in a soft matter, which usually retains its shape, but is 
relatively easily deformable. Behaviour of these hydrogels depends on the density of its network or the density 
of crosslinks connecting the network.  

In general, hydrogels are soft materials of significant interest for applications in various areas of industry. If 
there are no biocompatibility issues, hydrogels can have widespread applications in different fields related to 
human health, food industry, bioengineering, medicine, agriculture, cosmetics and so on. If hydrogels are 
prepared both from synthetic polymers and biopolymers, which are similar to biological tissues and compatible 
with them have been important materials for drug delivery and tissue engineering, wound healing, artificial 
implants, see, e.g., refs. [2,3] This work is focused on the preparation of hydrogels from positively charged 
polymers and negatively charged surfactants and on the study of their properties. 

2. EXPERIMENTAL PART  

Hydrogels were prepared from cationic polyelectrolyte dextran hydrochloride (DEAE) and anionic surfactant 
sodium dodecylsuphate (SDS). Dextran hydrochloride (powder prepared from dextran of average molecular 
weight 500,000) was purchased from Sigma Aldrich and used without further treatment. Sodium 
dodecylsulphate (≥ 99.0 %, Sigma Aldrich) was also used as received. Hydrogels were prepared by mixing 
polyelectrolyte and surfactant solutions. Solutions were prepared in deionized water (Purelab Flex, ELGA) or 
in 0.15 M NaCl. Stock solution of dextran was prepared at concentration of 0.5 % (weight) and stock solutions 
of sodium dodecylsulphate were prepared at wide range of concentrations (from 0.005 mmol·dm-3 to 100 
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mmol·dm-3). Gels were prepared in vials by mixing equal volumes of stock solutions of polyelectrolyte and 
equal volumes of stock solutions of surfactant. To complete gelation process and separation of the gel phase 
the vials were left on a shaker overnight. 

For the visualization of the solubilisation capabilities of the gel, Oil red O (Sigma Aldrich) was used as a 
hydrophobic dye. A small amount of the dye powder was added to the vial with freshly prepared gel and left to 
solubilize overnight on shaker. 

Pyrene is fluorescent probe which reacts to polarity in its surroundings and due to that, it was used as 
fluorescence probe to further solubilisation properties of the hydrogels. Pyrene was purchased from Fluka. 
Stock solution of pyrene was prepared in acetone at concentration of 1·10-4 mol·dm-3 and it was first added to 
the vials in such amounts to achieve its final concentration of 1·10-6 mol·dm-3, acetone was left to evaporate 
and then the gel preparation followed as described above. Fluorescence spectra were measured at laboratory 
temperature using AMINCO - Bowman Series 2. In the measurement of emission spectra, the excitation the 
monochrome was set to 335 nm and the spectrum was measured in the range from 360 nm to 530 nm. In the 
spectrum the main interest was the intensity of the first peak at 373 nm and the third peak at 383 nm. Their 
ratio is called emission polarity index (EmPi) and reacts to polarity. In the measurement of excitation spectra 
the monochrome was set to 392 nm and the spectrum was measured in the range from 310 nm to 340 nm. In 
the spectrum the main interest was the intensity of the first peak at 333 nm and the peak at 338 nm. Their ratio 
is called excitation polarity index (ExPi) and reacts to polarity too. The intensity ratio at 373 nm (monomer 
fluorescence) and 470 nm (maximum excimer fluorescence) is referred to as the excimer to the monomer 
(Ex:Mo) and indicates the pyrene content of the hydrophobic nuclei. Both emission and excitation polarities, 
as a function of concentration, show a decreasing sigmoid curve. This dependence is interleaved by the 
Boltzmann model. The Boltzmann curve has the following form: 

2
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The variable y corresponds to EmPi or ExPi, the independent variable x denotes the total concentration of the 
surfactant, where x0 is the inflection point and x indicates the slope of the curve drop. A1 is the upper limit of 
the sigmoid curve and A2 is the lower limit of the sigmoid curve. 

 

Figure 1 Boltzmann’s curve fitting and its characteristic parameters [4] 
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3. RESULTS AND DISCUSSION 

Sequences were prepared with a constant final concentration of dextran hydrochloride (0.25 wt. %) and varying 
concentrations of surfactant in water and 0.15 M NaCl. The system was investigated using both Oil red O 
(solubilisation experiments) and pyrene (fluorescence spectroscopy). Using the Oil red O the system was 
visually examined and using the pyrene and fluorescence spectroscopy only the supernatant formed over the 
hydrogel was examined. 

Solubilisation experiments were conducted to familiarize with the system, to determine the area in which critical 
aggregation concentration (CAC) is and from which concentration the phase separation started. The most of 
the graphs contain the Boltzmann model curve, this model was used to determine CAC for individual systems. 

4. DEAE HYDROGELS PREPARED IN WATER 

 

 
Figure 2 Concentration line with a constant DEAE concentration (0.25 wt. %) and the varying SDS 

concentration prepared by the wet way in water. In the first part of the figure, the concentration line with Oil 
red O is divided into three areas by behaviour, in the second part of the figure it can be seen the 

dependence of EmPi on increasing concentration of SDS with colour bounded areas according to the 
behaviour of the system 

In Figure 2 there is a concentration line with a constant concentration of dextran hydrochloride and varying 
concentrations of surfactant prepared by wet way in water. In the first part of the figure the solubilisation 
experiments are seen. Samples are divided into three areas depending on the interaction. From the 
concentration of 0.005 mmol·dm-3 to the concentration of 4.5 mmol·dm-3 of the surfactant phase-separated gel 
is not formed and in this part of the concentration range we are able to determine the CAC system. The final 
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value of the critical aggregation concentration in water in this system was determined at 0.05 mmol· 
dm-3. The table value of critical micellar concentration for the sodium dodecylsulphate is 8.3 mmol·dm-3 so in 
our system there is a decrease due to addition of polymer. 

In a further region (from 7.5 mmol·dm-3 SDS) phase separation and substantial clouding of the supernatant 
are already occurring. The gel which is formed is relatively incoherent but red coloured. That indicates the 
presence of surfactant in the gel as well. After examining EmPi dependence on surfactant concentration, the 
increase of polarity index in this area can be seen. This is due to the fact that even if the surfactant 
concentration increased and the intensity should remain at the same level, the system stabilizes due to the 
exclusion of the gel phase. Pyrene is bonded in the gel phase not in the supernatant. In the supernatant 
occurred pyrene which was not solubilized in micelles in the gel phase. The concentration of the surfactant in 
the supernatant is not so high so the micelles are not formed, and therefore the pyrene shows a signal from 
the aqueous medium. 

In the last region (from 15 mmol·dm-3) no gel is present in any of the samples. Only staining of the supernatant 
occurs due to a sufficient concentration of surfactant to form micelles. Even from the EmPi dependence on the 
concentration of the surfactant there can be seen the signal from the hydrophobic region. 

5. DEAE HYDROGELS PREPARED IN 0.15 M NaCl 

 

 
Figure 3 Concentration line with a constant DEAE concentration (0.25 wt. %) and varying concentrations of 

SDS prepared by the wet way in 0.15 M NaCl. In the first part of the figure the concentration line with Oil 
red O is divided into three areas by behaviour, in the second part of the figure there can be seen the 
dependence of EmPi on increasing concentration of SDS with colour bounded areas according to the 

behaviour of the system 
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In Figure 3 there is a concentration line with constant concentration of dextran hydrochloride and varying 
concentrations of surfactant prepared by wet way in 0.15 M NaCl. In the first part of the Figure 3 the 
solubilisation experiments can be seen. Samples are divided into three areas depending on the interaction. 
From 0.005 mmol·dm-3 to 4.5 mmol·dm-3 of the surfactant phase-separated gel is not formed and in this part 
of the concentration range we are able to determine the CAC of SDS in the system in the presence of NaCl 
and DEAE. This value was determined to 0.08 mmol·dm-3. Without the addition of DEAE, the CMC in NaCl is 
determined at 1.1 mmol·dm-3. Again, the influence of DEAE on the reduction of CMC value can be observed. 

In the second part, the phase separation can be seen (from 5 mmol·dm-3 SDS). In contrast to the aqueous 
environment there is no turbidity. The turbidity was suppressed by the increasing ionic strength of the 
environment and the hydrogel formed. In this area various amounts of hydrogel were produced. The red colour 
and the change in EmPi confirm the presence of micelles of the surfactant in the gel. 

In the last part (from 15 mmol·dm-3 SDS) of the concentration line hydrogels were formed but instead of the 
second area the colour of the supernatant can be observed. This phenomenon can be explained by the fact 
that the concentration of SDS which is not bound in the hydrogel is sufficient for the formation of micelles and 
solubilizing dyes. This is confirmed by the EmPi values which return back to the values typical for hydrophobic 
environment, again. 

6. CONCLUSION 

Under proper conditions cationic polyelectrolyte DEAE and anionic surfactant SDS can interact and form 
physically cross-linked hydrogels. Resulting hydrogels incorporate micellar hydrophobic nanocontainers which 
are able to solubilize hydrophobic compounds (molecules). Hydrophilic substances can be also entrapped 
within the hydrogel matrix. These hydrogels can be favourably employed in variety of applications, especially 
in the fields of biomaterials, (bio) medicine, cosmetics, drug delivery, and topical (skin or mucous membrane) 
treatments. 
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Abstract 

Corneal damage is one of the most common causes of impaired vision or even blindness. When the injury is 
more extensive and the limbal region is involved, the natural regeneration of the cornea is not sufficient. Such 
damage can lead to the limbal stem cell deficiency (LSCD). The only option for LSCD treatment is 
transplantation of the limbal tissue or a transfer of limbal stem cells (LSCs) cultured from the healthy eye. The 
allogenic transplantation of the limbus or cultivated LSCs with a systemic administration of immunosuppressive 
drugs is needed in the case of bilateral LSCD. Nevertheless, the cell therapy is very promising approach for 
LSCD treatment. Transplantation of mesenchymal stem cells (MSCs) seeded on an appropriate scaffold turned 
out to be a suitable therapy of the LSCD. In our experimental model of LSCD we use nanofiber scaffold for 
MSC and LSC cultivation and for transplantation of these cells onto the chemically injured mouse eye. MSCs 
have immunosuppressive and immunomodulatory properties. We showed that MSCs have the ability to inhibit 
production of molecules associated with the inflammation and support epithelial regeneration in the damaged 
cornea. These inhibitory properties were confirmed in both in vitro and in vivo mouse model. Results thus 
showed beneficial effects of stem cell transplantation for murine corneal healing and for suppression of a local 
immune reaction which can impede the healing process. Such similarity of in vivo and in vitro results allows us 
further experiments to clarify mechanisms of MSC regenerative and healing properties after the transplantation 
onto the injured cornea. 

Keywords: Cornea, nanofiber scaffold, limbal stem cell deficiency, mesenchymal stem cells 

1. INTRODUCTION 

1.1. Limbal stem cell deficiency 

According to the World health organization there are 39 million of blind people worldwide of which 25 % cases 
are caused by corneal damage and 5 million of patients suffer from bilateral corneal blindness. Corneal 
epithelium has the ability to regenerate. This function is held by limbal stem cells (LSCs), which continuously 
migrate from limbal region to the center of the cornea and differentiate to corneal epithelial cells. LSCs are a 
small population (3-5 %) of slowly dividing cells in the limbus, the area between cornea and conjunctiva. When 
the corneal damage is so extensive, that it includes the limbal tissue, the limbal stem cell deficiency (LSCD) 
occurs and the corneal regeneration is abrogated. Consequently, neovascularization and production of pro-
inflammatory cytokines occur. Corneal immune privilege is lost due to chronic inflammation and the 
conjunctival epithelium migrates over the damaged cornea. Corneal transparency gradually decreases and 
this process leads to visual impairment or even to blindness [1]. 

1.2. LSCD treatment 

Corneal transplantation is the most successful transplantation of a solid tissue because of its immune privilege. 
However, in the case of LSCD, such transplantation alone is not a successful treatment. The healthy limbus 
with sufficient amount of LSCs is needed for further corneal regeneration. Transplantation of the limbal 
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(keratolimbal) tissue or cultured LSCs from patient´s or related donor´s healthy eye represents the only 
treatment of unilateral LSCD. Clinical studies have shown therapeutic efficacy of cultured LSC transplantation 
onto the ocular surface. The use of LSCs is the only approved stem cell (SCs) treatment of the corneal injury 
in European union [2]. In the case of bilateral LSCD, it is necessary to use the allogeneic limbal tissue or LSCs. 
The limbus is highly vascularized tissue and such allogeneic transplantation is associated with the 
administration of high doses of immunosuppressive medication with side effects. Transplantation of autologous 
LSCs has better outcomes than allogeneic LSC transplantation [3]. Although it is possible to obtain larger 
grafts of the limbal tissue from cadaver donors for allogeneic transplantation, the use of limbal grafts from 
healthy donors has better results [4]. However, such treatment is associated with a risk of damaging the healthy 
eye [5]. 

1.3. Mesenchymal stem cells 

Mesenchymal stem cells (MSCs) represent a suitable autologous cell substitution for the cell therapy of LSCD. 
MSCs are multipotent SCs, which can be isolated from the most of tissues in our body. They are capable of 
differentiation to many cell types, migration to the site of injury, immunomodulation and inhibition of 
inflammation or apoptosis [6,7]. MSCs have been used in numerous experimental studies of LSCD treatment 
in murine [8,9] or rabbit [10,11] models. The regeneration of the corneal epithelium and inhibition of the 
inflammation were observed. The differentiation of MSCs into corneal epithelial cells were observed in some 
of experiments [12]. Despite the large number of experimental works on SC therapy of LSCD, the mechanism 
of MSC inhibitory properties on the ocular surface is still not well recognized. 

1.4. Scaffolds for stem cell transplantation onto the injured cornea 

SCs cannot be seeded directly onto the cornea because of tears continuously wash the ocular surface. 
Therefore, it is necessary to use the scaffold which is suitable for seeding, cultivating and for a transfer of SCs 
onto the damaged cornea. 

Amniotic membrane (AM) is used in various corneal injury therapies, for example after the corneal 
transplantation, for its capability to promote the epithelialization and the healing of wounds [13]. Such 
properties of AM can be used for SC transplantation as well. AM was successfully used as the scaffold in both 
allogeneic and autologous LSC transplantation [14]. MSCs seeded on AM transferred onto the animal ocular 
surface supported corneal healing [15]. 

Fibrin glue is used in various chirurgical procedures and it has been also used in successful clinical studies of 
autologous LSC transplantation onto the cornea with LSCD [16]. 

The first autologous transplantation of LSCs was performed with special contact lenses [17]. LSCs cultivated 
on contact lenses produced factors important for corneal epithelium regeneration [18]. 

Nanofiber scaffold (NS) represents one of promising alternatives of SC carrier. The three-dimensional structure 
of NS imitates extracellular matrix and natural niche, in which SCs can survive and retain their abilities. Such 
carriers can be prepared from natural polymers like collagen and chitosan or from synthetic polymer (e.g. 
polyamide). NS can be manufactured with an addition of pharmacological substance like immunosuppressive 
drugs or antibiotics, which may have beneficial effect during SC therapy [19,20]. In our laboratory, we have 
used in experimental models LSCs seeded on the NS to treat mechanically injured cornea. LSCs migrated 
from NS to the injured ocular surface and there inhibited the local inflammation and supported a corneal 
epithelium restoration [8]. MSCs transferred on the chemically burned rabbit corneas also inhibited 
inflammation [10]. MSCs and LSCs transplanted onto the chemically burned cornea with NS had comparable 
immunomodulatory and regenerative properties [11]. 
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2. METHODS 

2.1. In vivo mouse model of LSCD 

BALB/c mice were anesthetized by an intramuscular injection of 1:1 mixture of xylazinum hydrochloridum 2 % 
(0.175 ml; Rometar; Spofa) and ketaminum hydrochloridum 5 % (0.175 ml; Narkamon; Spofa). Right corneas 
of anesthetized mice were injured by 0.25N sodium hydroxide (NaOH) on the corneal surface (8 µl of NaOH 
on cornea-size filter paper attached on the cornea). These eyes were rinsed with an excess of phosphate 
buffered saline (PBS). 

2.2. Isolation and cultivation of MSCs 

MSCs were isolated from the femurs of mice. The bone marrow was flushed out and a single-cell suspension 
was prepared by homogenization. The cells were seeded in DMEM (Sigma-Aldrich) containing 10 % fetal calf 
serum (FCS), antibiotics (100 U/ml penicillin, 100 mg/ml streptomycin), and 10 mM HEPES buffer in 75 cm2 
tissue culture flasks (TPP). After 48 hours of incubation, nonadherent cells were washed out and the adherent 
cells were cultured with a regular exchange of the medium and passaging of the cells to maintain their optimal 
concentration. 

2.3.  In vivo model of MSC treatment of LSCD 

Nanofiber scaffolds were prepared from the biocompatible polymer poly(L-lactic) acid (PLA) by a needleless 
electrospinning procedure. Scaffolds were cut into squares (1.5 x 1.5 cm) and fixed into CellCrown TM24 
inserts (Scaffdex Ltd.). The inserts with nanofibers were transferred into 24-well tissue culture plates (TPP). 
SCs (3 x 105 cells per well) in 700 ml of DMEM with 10 % FCS were transferred into each well. The plates 
were incubated for 24 hours to allow the cells to adhere to the scaffold. For SC transfer, NS seeded with SCs 
were transplanted immediately after the injury with the cell side facing down on the damaged ocular surface. 
The scaffolds were sutured to the limbal tissue region with four sutures using 11.0 Ethilon (Ethicon, Johnson 
& Johnson). The eyelids were sutured together using Resolon 7.0 (Resorba Medical GmbH) for 72 hours. An 
ophthalmic ointment compound (Ophthalmo-Framykoin; Zentiva Group) was applied on the ocular surface 
after the stitching. The NS was removed from the ocular surface on day 3 after the operation. Corneas were 
excised 7 days after the procedure and immediately transferred into 500 µl of TRI Reagent (Molecular 
Research Centre Inc.) and stored in -80 oC. The expression of genes for inflammatory cytokines, inducible 
nitric oxide synthase (iNOS) and vascular endothelial growth factor (VEGF) as a marker of neovascularization 
in corneas was detected using real-time PCR. The expression of gene for cytokeratin 12 (K12), as a marker 
of corneal epithelium, was similarly detected. 

2.4. In vitro model of MSC treatment of the inflammation 

For our in vitro experiments, SCs were cultured in 48-well tissue culture plates (TPP) with 500 µl of DMEM 
with 10 % FCS for 24 hours in concentration 5 x 104 cells per well. Excised corneas were added to the culture 
and stimulated by proinflammatory cytokines interleukin-1β (IL-1β), interferon-γ (IFN-γ) and IL-17. After a 48-
hour co-cultivation, the expression of genes for inflammatory cytokines, iNOS and VEGF in corneas was 
detected using real-time PCR. 

2.5. Real time PCR 

The details of RNA isolation, transcription, and the PCR parameters have been described previously [13]. The 
relative quantification model with efficiency correction was applied to calculate the expression of the target 
gene in comparison with GAPDH used as the housekeeping gene. Primers used for amplification were 
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GAPDH: 5´-AGAACATCATCCCTGCATCC-3´ (sense), 5´-AGAA-CATCATCCCTGCATCC-3´ (antisense), 
K12: 5´-ATCGAGGACCTGAAGAGCAA-3´ (sense), 5´-TCGA-TCTGCAGGAGGACATT-3´ (antisense), IL-1β: 
5´-TTGGGTTAAATGACCGCAACA-3´ (sense), 5´-GA-GCGCTCACGAACAGTTG-3´ (antisense), IL-6: 5´-
GCTACCAAACTGGATATAATCAGGA-3 (sense), 5´-CCAGGTAGCTATGGTACTCCAGAA-3´ (antisense), 
iNOS: 5´-CTTTGCCACGGACGAGAC-3´ (sense), 5´-TCATTGTACTCTGAGGGCTGAC-3´ (antisense), 
VEGF: 5´-AAAAACGAAAGCGCAA-GAAA-3´ (sense), 5´-TTTCTCCGCCTCTGAACAAGG-3´ (antisense). 

3. RESULTS AND DISCUSSION 

3.1. A local cytokine, iNOS and K12 expression after corneal damage and treatment with MSCs 
seeded on the nanofiber scaffold 

 
Figure 1 Relative expression of genes for pro-inflammatory molecules IL-1β (A), IL-6 (B), iNOS (C), 

VEGF (D) and for corneal marker K12 (E). Values with asterisks represent statistically significant 
(*P < 0.05, ***P < 0.001) difference from injured untreated corneas 

Mouse corneas were burned by 0.25M NaOH and rinsed with PBS. Healthy control corneas were left without 
burning (Control). Mice in the positive control group were injured and left without treatment (Untreated). Mice 
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in the other control group was injured and treated with NS (Nano) without cells. In the experimental group of 
mice, MSCs were seeded onto the NS and transplanted on injured corneas (MSCs). Relative gene expression 
of IL-1β (Figure 1A), IL-6 (Figure 1B), iNOS (Figure 1C) and VEGF (Figure 1D) was significantly decreased 
in MSC-treated corneas in comparison to injured control corneas untreated or treated with NS alone. The 
regeneration of corneal epithelium was observed as increased expression of K12 in MSC-treated corneas 
(Figure 1E). These results are comparable to previous experiments with rabbit or rat models [10,11,15]. 
Regenerative and immunomodulatory properties of transplanted MSCs are also comparable with transplanted 
LSCs [11]. 

3.2. The effect of MSCs on cytokine and iNOS production in corneas in vitro 

The establishing of a new in vitro model is crucial for further investigation of MSC regenerative mechanisms 
after the transplantation onto the burned ocular surface. Corneas were stimulated with IL-1β, IFN-γ and  
IL-17 (+cyt) for simulation of inflammatory environment in our in vitro model of corneal inflammation. Treated 
corneas were cultured alone in complete DMEM (control) and with MSCs. Relative gene expression of IL-1β 
(Figure 2A), IL-6 (Figure 2B), iNOS (Figure 2C) and VEGF (Figure 2D) in corneas co-cultured with MSCs 
were significantly lower than in control corneas. There are similarities between our in vivo and in vitro models 
in inhibitory properties of MSCs. These findings and the ability to change inflammatory environment according 
to results from in vivo experiments will be used for further understanding of MSC therapeutic mechanisms after 
transplantation onto the injured ocular surface. 

 
Figure 2 Relative gene expression of IL-1β (A), IL-6 (B), iNOS (C) and VEGF (D) in in vitro model of corneal 
inflammation. Values with asterisks represent statistically significant (*P < 0.05, **P < 0.01) difference from 

injured untreated corneas 
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4. CONCLUSION 

Autologous MSCs seeded on nanofiber scaffold represent a suitable source of SCs for the therapy of LSCD, 
where is no possibility to use LSCs. MSCs inhibit a local production of pro-inflammatory molecules, inhibit 
neovascularization and support corneal regeneration as previously described in rabbit model. These effects in 
vivo are similar in our new in vitro model, which has not been described previously. The establishing of this in 
vitro mouse model should help us to describe therapeutic mechanisms of transplanted MSCs onto the injured 
ocular surface in the future as well as to describe the fate of transplanted MSCs. 
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Abstract  

Nanofibrous matrices represent an attractive material for biomedical applications - mainly due to their high 
specific surface and small pore size, which make them interesting material for drug delivery matrixes 
construction. Besides the morphological characteristics, the surface functionality strongly affects the drug-
matrix interaction, drug conjugation and drug release kinetics. Implication of primary amino (-NH2) groups to 
the surface of nanofibres can improve their performance and enable conjugation of drug via covalent binding 
and/or electrostatic interactions. The aim of this study was to evaluate applicability a nanofibrous material 
based on blend of two biocompatible and biodegradable polymers - poly-Ɛ-caprolactone (PCL) and 
polyethylenimine (PEI) produced by needleless electrospinning. The electrospun matrices were evaluated in 
terms of morphology, functional groups availability and short term stability. Moreover, biocompatibility to the 
3T3 fibroblastic cell line was verified in direct contact. Binding capacity estimation was performed on a model 
molecule (BSA) in order to demonstrate binding capacity of the system and its applicability for protein 
immobilization for wound management. 

Keywords: Nanofibres, polycaprolactone (PCL), polyethylenimine (PEI)  

1. INTRODUCTION 

During the last two decades, electrospun fibers have been shown to have an important potential in biomedical 
application. Their perspectives in improving human health originate from high specific surface area combined 
with high porosity and small pore sizes. While application as a barrier system have found use as skin covers 
in wound healing, their specific 3D structure gained profit as scaffolds in tissue engineering. Moreover, their 
high specific surface provides benefit in incorporating and/or carrying higher amount of biomolecules which 
can serve for specific drug loading and/or targeting, and enable the controlled delivery and precise release of 
the drug amount wanted in the site of interest defined. Since the synthesized biomaterials enter in contact with 
the complex system of living matter, they need to have perfect surface properties. The surface treatment of 
such materials enter the game here to provide the required clinical performance and to allow the enhanced 
adaptability to the physiological surroundings [1]. The new-generation nano-biomaterials are therefore 
advanced in surface physico-chemical modification comprising (and often combining) adsorption, covalent 
binding, ion implantation, deposition and conversion [2], techniques known as biofunctionalization (i.e. [3, 4]) 
which can regulate biological responses [5]. A number of functionalisations rely on the existence of surface-
accessible functional groups available for further modifications. Functional groups such as amine, imine, 
carboxylic etc. provide the nanomaterial with specific properties by making its surface active [6] and available 
for furher immobilization of molecules [7, 8, 9]. Polyethylenimine (PEI), for example, which contains primary, 
secondary, and tertiary amine groups, is one of the common cationic biocompatible polymers providing such 
activity to the nanoscaled surfaces [10]. The surface treatment with PEI has also been shown to be antibacterial 
in certain conditions [11, 12] which can be a benefit for the most part of the so-modified bio-nanomaterials with 
clinical application. This bio-nanomaterial can be poly-Ɛ-caprolactone (PCL) which has been recently proposed 
and tested as one of the most promising polymers for advanced biomedical applications [13]. It is mainly due 
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to its excellent biocompatibility, slow degradation, low prices and reproducibility, nontoxicity and excellent 
mechanical properties [14]. Since the hydrophobicity of PCL is undesirable for most clinical applications, this 
polymer is proposed to prepare carriers in particular in the form of composites with a hydrophilic polymer [15]. 
In addition to the aforementioned benefits, the already mentioned PEI is a suitable polymer capable of 
providing the nanomaterial this increase in hydrophilicity [16]. 

In our work, we have prepared the nanofibrous composite layer based on two biocompatible and biodegradable 
polymers (PCL and PEI) where PEI as the surface functionalizing molecule is embedded directly into the 
system, thus eliminating the need for additional surface treatment of the carrier. We have therefore replaced 
the two-step preparation of a functionalized system with a time-less one-step preparation. Compared to the 
PCL/PEI nanofibrous composites formed by needle electrode [17], application of the needleless 
electrospinning system leads to formation of homogenous nanofibrous layer and can be easily up scaled to 
mass production. The newly prepared composite was evaluated in terms of morphology, chemical composition, 
functional groups availability and short term stability. Verification of the biocompatibility of the system to the 
3T3 fibroblasts as well as its binding capacity towards BSA as model molecule were also evaluated. 

2. MATERIALS AND METHODS  

2.1. Electrospinning process  

The polycaprolactone (PCL, Mn 45.000) and polyethylenimine (PEI, Mw 25.000, branched) were obtained from 
Sigma-Aldrich, Co. Solvents used for the electrospinning process were obtained from Ing. Petr Švec - Penta, 
s.r.o. Both polymers were dissolved in a solvent system based on chloroform as a solvent common to both. 
The final spinning solution composed of PCL:PEI in ratio 85:15 was electrospun using a needleless 
electrospinning (wire electrode) under high voltage (60 kV) on distance of 150 mm. The electrospun nanofibres 
were consequently characterized in terms of morphology, surface functionality and biocompatibility as a 
relevant parameters for further application.  

2.2. Morphological characterization 

Morphology of the electrospun nanofibres was characterized by electron microscopy examination. Nanofibres 
prior and after the solvent residues extraction (washing in UPW, 48 hrs) were dried, sputter coated (Au, 5 nm) 
and analyzed under gradual magnification (up to 25.000x) on the SEM Vega 3 Tescan. 

2.3. The surface functionality analysis 

Content of the functional amino groups available on the surface of the nanofibres was estimated 
spectrophotometrically due to specific reaction based on methyl orange (MO, Sigma-Aldrich, Co.) binding to 
primary amino groups. For the analysis, samples of nanofibres prior and after solvent residues extraction (24 
and 48 hrs) were incubated in the MO solution (0.05% MO in 0.01M natrium dihydrogen phosphate solution) 
for one hour. Subsequently, the unbounded dye was washed out. Afterwards, the MO was released by rinse 
in 0.1M sodium carbonate solution. Quantum on the available functional groups was calculated based on the 
bounded MO concentration by reading on 465 nm. The experiment was performed in six repeats per sample. 

2.4. Immobilization of a model molecule 

Performance of the composite PCL:PEI nanofibres for the potential immobilization procedure was evaluated 
using model molecule - the bovine serum albumine protein (BSA,96%, Sigma-Aldrich, Co.). The 
immobilization was performed using carbodiimide crosllinking chemistry. The ability of the 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, Sigma-Aldrich, Co.) to covalently conjugate proteins was supported 
by addition of N-hydroxysuccinimide (NHS, Sigma-Aldrich, Co.) to the reaction mixture. Effect of the pH on the 
reaction performance was studied while the BSA concentration in the reaction mixture was sustained at 0.1 %. 
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The amount of the immobilized protein was estimated using PierceTM BCA Protein Assay Kit (Thermo 
Scientific) based on bicinchoninic acid colorimetric reaction. The assay was performed according to the 
manufacturer´s instructions on microplate. Color product of the reaction was quantified reading at 562 nm 
(SynergyTM HTX, BioTek) and the protein amount was calculated through blank-corrected calibration curve 
constructed for BSA as standard. Test was performed in six replicates for each sample. 

2.5. Biocompatibility evaluation 

Potential cytotoxic effect of the PCL:PEI nanofibres was evaluated in vitro by test in direct contact. The test 
was performed in compliance with standard ISO 10993-5: 2009. Before exposure to the tested samples, 3T3 
fibroblast cell line (A31 clone) was pre-cultured under standard conditions for 24 hours. Solvent residues were 
extracted from nanofibres for 24 hours prior the test. Tested samples were compared to cell control (CC), 
positive (PC, PM-A, Hatano Research Institute, FDSC, Japan) and negative (NC, RM-C, Hatano Research 
Institute, FDSC, Japan) control. Cell viability was evaluated after 24 hours of exposure in complete culture 
media (DMEM, 5% FBS, 5% NBCS) via standard mitochondrial oxidoreductases metabolic activity test. 
Amount of produced MTT formazan was determined spectrophotometrically by reading at 570nm (background 
substracted at 650nm). Testing of each sample was performed in triplicate for each sample.   

3. RESULTS 

3.1. Morphological characterization 

The electron microscopy evaluation of the electrospun PCL:PEI nanofibres confirmed fibrous morphology to 
be obtained by the electrospinning technique and sustained after the extraction procedure. As shown below 
(Figure 1b), the extraction procedure did not lead to mayor swelling of fibers neither closing of the inter-fibrous 
pores and therefore decrease on the porosity of the nanofibrous sheet. This results indicate that the PCL:PEI 
nanofibres have potential to serve as a matrix for immobilization and application of biotechnologically relevant 
molecules in moist environment without loss of their morphological characteristics - namely high specific 
surface and porosity. The morphological evaluation also revealed formation of the pores on the fibers´ surface 
after the extraction procedure. This effect might actually lead to additional improvement in specific surface 
available.   

 

Figure 1 SEM images of the PCL:PEI nanofibres (a) prior the solvent extraction and  
(b) after the solvent extraction. Mag. 25.000, scale bar  2 μm 
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3.2. The surface functionality analysis 

The surface functionality analysis was performed in order to evaluate a potential loss of amino groups available 
on the surface after the extraction procedure due to the PEI solubility in water. This assumption was not 
confirmed and the results shown in Figure 2 reveal increase in number of the available functional groups 
uncovered by the solvent extraction procedure. Meanwhile, the PCL:PEI surface prior the extraction contained 
58.6 ± 9.2 nmol of available NH2 groups per mg of nanofibres (NFs), their number increased to 119.5 ± 17.2 
nmol NH2/mg NFs after 24 hours of extraction and up to 165.9 ± 26.5 nmol NH2/mg NFs after another 24 hours 
(48 hours of extraction in total). 

This effect could be explained by slight swelling and changes in the morphology of the nanofibres during the 
extraction process, which might lead to increase of specific surface and uncovering of the PEI chains. The 
unfulfilled decrease in number of functional groups - e.g. not washing the PEI component away, suggests 
sufficient entanglement of the two types of polymer chains or formation of a semi-IPN due to electrostatic 
interactions. This assumption must be confirmed by further investigation.  

 

Figure 2 Graphical representation of the available amino groups results and their correlation to  
extraction time. Results of a single measurements (○) are completed with MEAN ± S.D.(▬) 

3.3. Immobilization of the model molecule 

Evaluation of the availability of the functional groups was extended by a model drug conjugation and 
quantification. The chosen model drug - bovine serum albumin (BSA) was immobilized to the surface using 
EDC/NHS conjugation. Effect of the reaction pH was evaluated cursorily in order to map the optimal reaction 
conditions as pH limitations are placed on many biomolecules and limit their applicability for conjugation 
chemistry requiring acidic conditions. Results of the BSA immobilization (Figure 3) confirmed the requirement 
of the acidic pH for the performance of EDC/NHS coupling reaction. The highest amount of protein (141.3 ± 
23.7 μg BSA/ mg NFs) was immobilized under pH of 6. We expect this result to be a synergic effect of the 
carbodiimide method requirements and the BSA isoelectric point. Due to this observation, necessary 
modifications of the conjugation conditions are expected for each molecule immobilized by this conjugation 
method.  
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Figure 3 a. Illustrative representation of the BSA protein bonded to the surface of nanofibres. b. Results of 
quantification of the model molecule immobilized to the surface of the nanofibres/effect of the reaction pH.     

3.4. Biocompatibility evaluation 

The in vitro evaluation proved biocompatibility of the PCL:PEI nanofibres. The viability of 3T3 fibroblast cells 
after exposure to the nanofibrous sheet exhibited viability of 91.8 ± 6.9% compared to the cell control (CC). 
The positive and negative controls were applied to evaluate reliability of the test. The positive control (PC) 
application led to cell viability of 39.4 ± 11.7% and the negative control reached viability of 87.4 ± 3.3%. The 
results of the biocompatibility evaluation are displayed below (Figure 4). The level of viability exceeded the 
level of 80% of the CC cell number and due to this result the PCL:PEI nanofibres can be considered as 
biocompatible material.    

 
Figure 4 Results of the 3T3 cells viability after exposure to the tested samples. CC - cell control, 

NC - negative control, PC - positive control. 

4. CONCLUSION 

The PCL:PEI novel nanofibres were successfully electrospun via a needleless electrospinning procedure. 
Fibrous morphology in submicron scale was confirmed by SEM examination. Presence and sustainability of 
free amino groups on the surface was confirmed. Their increasing number caused by solvent extraction can 
be attributed to the slight changes in morphology of the fibers. Availability of the functional groups for covalent 
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conjugation of relevant molecules was demonstrated on a model BSA protein. The applicability of the system 
in biomedical is supported also by results of biocompatibility testing as the cell viability of the 3T3 cells exposed 
to the material reached 91.8 ± 6.9% and therefore the PCL:PEI nanofibres can be declared as biocompatible. 
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Abstract  

The ability of cells to perceive the mechanics and nanostructure of the extracellular matrix (ECM) relies on the 
activity of a number of intracellular proteins, collectively defined as mechanosome. By modifying the 
expression, the interaction or the localization of such proteins, the cell dynamically responds to modifications 
in ECM compliance and nanotopography by activating specific genetic programs. Among the intracellular 
proteins acting as mechanosensors, those composing the Focal Adhesions (FAs) and the effectors of Hippo 
pathway YAP/TAZ have been recently described as the main actors. Here, while confirming that both FAs and 
YAP/TAZ respond to substrate mechanics, we demonstrate that they are sensitive to dynamic modifications 
of substrate nanotopography by rearranging their structure or their localization. We also show that they are not 
sensitive to cell polarity when cell area is kept constant. In particular, the assembly of FAs, measured by image 
analysis through vinculin spike formation at the periphery of the cell, and YAP/TAZ nuclear shuttling to and 
from the cell nucleus, are proven to be sensitive to the changes in ECM nanostructure as mimicked by thermo-
responsive polymers based on crosslinked poly-caprolactone (PCL). By using such a tool, we show that YAP 
nuclear presence - and thus its transcriptional activity - is promptly impaired by dynamic changes in substrate 
nanopattern. The same dynamic modifications alter FA size distribution, thus suggesting a change in their 
molecular composition. In doing so, we show at single cell level that the inhibition of cell spreading and of its 
ability to perceive ECM mechanics by either micropatterned surfaces or pharmacological inhibitors of 
RhoA/ROCK or Myosin IIa pathways results in the depletion of YAP/TAZ nuclear activity, the impairment of 
FAs formation and the regulation of genes involved in cell-matrix interaction. Altogether our results expand the 
current understanding of cell mechanosensing apparatus and directly connect YAP/TAZ transcriptional activity 
to the ability of the cell to feel the dynamic modifications of ECM composition.  

Keywords: Mechanobiology, nanotopography, mechanosome, focal adhesion, Hippo pathway 

1. INTRODUCTION 

Cell function is controlled in vivo by biological and mechanical signals arising from the surrounding cells and 
the local extracellular matrix (ECM). These signals impact on the inner cell machinery thus regulating tissue 
development and organ functionality. The role of biological signals in orchestrating cell response is well 
described, while how physical (i.e.: mechanics and nanotopography) cues coordinate cell behavior is the 
subject of intense investigation. In particular, the dynamics of ECM control over cell genetic program is of great 
interest in order to design biocompatible structures able to control cell function. 

Recently, different intracellular molecular sensors (mechanosensors) perceiving modifications in ECM 
mechanics and nanotopography have been described, these systems being collectively defined as 
mechanosome. Given the complexity of the sensing processes and the response of the cell to ECM 
composition, proteins laying at the interface with the ECM, or downstream effectors of the mechanosensing 
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apparatus can all be described as mechanosensors. Thus, the components of cell mechanosome can only be 
classified according to their ability to modify their structure or their function in response to mechanical stimuli 
arising from the ECM, while they are becoming popular as their role in determining cell function is being 
discovered. So far, transmembrane proteins as well as shuttling proteins and transcription factors have been 
shown to be responsive to modifications of cell mechanics, while a reasonable map of the interactions among 
the components of the mechanosensing apparatus is still lacking.  

Proteins belonging to the integrin-bound focal adhesion (FA) complex like vinculin, zyxin, talin, and paxillin 
have been described as mechanosensors [1,2]. Their responsiveness to ECM mechanics has been 
highlighted. Nonetheless, these experiments unveiled that the activation of the proteins can be extremely 
heterogenous. For example, vinculin is known to possess a stretch-activated domain, which opens a pocket 
that is therefore made available to the binding with other FA components. The result of such structural transition 
is the maturation of FAs which are in turn able to strengthen cell-matrix interaction [3]. On the other hand, 
mechanical stimulation causes zyxin release from the FA site and its shuttling to the nucleus, where it exerts 
a number of different roles [4,5]. 

Among the proteins shuttling from the cytoplasm to the nucleus in response to mechanical stimulation, a 
special role is played by Yes-associated protein (YAP) and its paralog protein WW domain-containing 
transcription regulator protein 1 (WWTR1 or TAZ). These proteins are the downstream effectors of Hippo 
pathway, a complex intracellular axis controlling organ size and 3D organization [6]. Both proteins are known 
to be mostly localized in the cytoplasm following their phosphorylation on sensitive sites, when the cell is 
exposed to a soft environment or when the cadherin/catenin system is active. On the contrary, the proteins 
shuttle to the nucleus when the surface of growth is stiff or cell-cell interaction is absent [7]. YAP and TAZ act 
in the nucleus as transcriptional co-activators in combination with, stage- and cell-specific transcription factors. 
Lately our group highlighted a peculiar role for YAP but not TAZ in activating the transcription of focal adhesion 
genes, thus reinforcing cell-matrix interaction and the mechanical pertinence of the cell itself [8]. Other groups 
have independently suggested that FAs act upstream of YAP/TAZ to control their shuttling to the nucleus [7]. 
As such, FAs and YAP/TAZ can be considered as two flips of the mechanosensing coin acting at different 
levels to perceive the modifications in ECM mechanics and transduce them into a biological response. By 
adopting biocompatible inert materials and micropatterning technology, here we confirm that both FAs and 
YAP/TAZ are responsive to cell area, to substrate mechanics and nanotopography by rearranging their 
structure or their localization, while being insensitive to cell polarity. The assembly of FA spike at the cell 
periphery, and YAP/TAZ nuclear shuttling are determined by substrate mechanics. Their activation by 
substrate stiffness increases cell grip on the ECM and spreading. As a result, cell increases tension 
propagation through cell cytoskeleton. The abolishment of the tension by pharmacological inhibitors of 
RhoA/ROCK or Myosin IIa pathways results in the inhibition of YAP/TAZ nuclear shuttling, hinders the 
formation of FAs and directly change the expression of genes involved in cell-matrix interaction. Moreover, we 
show that a similar effect on YAP/TAZ localization and FA assembly can be obtained by mimicking cell-cell 
interaction at single cell level, by activating the cadherin/catenin system in adherent cells. Finally, by 
dynamically modifying substrate nanotopography, we demonstrate that both FAs and YAP/TAZ systems can 
be promptly controlled by sudden changes in ECM composition. 

2. MAIN TEXT 

2.1. Methods 

Human mesenchymal stem cells (hMSCs) were purchased from Lonza Group Ltd. (Basel, Switzerland) and 
cultured according to the manufacturer’s instructions. Polyacrylamide (PA) gels with stiffness values of 0.5, 10 
and 40 kPa were prepared as described [9] with minor modifications. Glass round coverslips (Matsunami glass, 
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Japan) were amino-silanized using Aminopropyltriethoxysilane (APES), whereas squared glass slides were 
fluoro-silanized by the use of Fluorosilane (Trichloro (1H, 2H, 2H-perfluorooctyl)silane)  (Sigma Aldrich). PA 
gels were prepared by the addition of the adequate proportion of 40% (w/v) acrylamide stock solution (Sigma, 
USA) to 2% (w/v) bis-acrylamide (N,N'-Methylenebisacrylamide)  (Tokyo Chemical Industry, Japan) stock 
solution and PBS, towards achieving the desired stiffness (Young modulus, E), according to the reported 
protocol. Polymerizing catalysts were added (10% (wv) ammonium persulfate (APS) at 1% of final volume and 
Tetramethylethylenediamine (TEMED) at 0.1% final volume). The mixture was poured between the 
fluorosilanized glass slide and aminosilanized coverslip for 30 min, after which the PA gel was attached to the 
aminosilanized coverslip. Finally, PA gels were functionalized with collagen (100 µg/mL) by the attachment to 
0.2 mg/mL sulfosuccinimidyl-6-(4’-azido-2’-nitrophenylamino)-hexanoate (sulfo-SANPAH; Pierce 
Biotechnology) covalently bound to the gel surface by photo-activation. Thermo-responsive polymers having 
shape-memory properties were prepared by cross-linking tetra-branched Poly-ε-caprolactone (PCL) with 
acrylate end-groups in the presence of linear PCL telechelic diacrylates, according to a previously reported 
protocol [10]. To prepare shape-memory PCL substrates with permanent surface nanopattern, the PCL 
macromonomer solution was cured between a nanopatterned glass mold and a flat glass slide with a 0.2 mm 
thick Teflon spacer for 180 min at 80 °C. Nanopatterned molding of glass substrates was performed by using 
an electron beam (EB) lithography system (ELS-7500EX, Elionix, Hachioji, Japan). To program temporary 
surface patterns, the films were compressed in a thermo chamber. A compressive stress of 0.1 MPa was 
applied to the samples at 37 °C and maintained for 5 min. The embossing stress was then released at 4 °C 
after 10 min of cooling. Samples had a temporary surface pattern (nanopattern) that could be triggered to 
transition to the permanent surface pattern (flat) by heating. Micropatterned glasses coated with either 
fibronectin or N-cadherin were purchased from CYTOO SA (CYTOO, Grenoble, France). YAP/TAZ expression 
and subcellular localization, vinculin expression were followed by immunofluorescence. Nuclei were 
counterstained with DAPI. Cell area was measured by manually highlitghing the surface of cells stained with 
TRITC-Phalloidin in ImageJ. 

3. RESULTS AND DISCUSSION 

3.1. Substrate stiffness controls focal adhesion assembly, YAP subcellular localization and 
modifies the expression of genes involved in cell-matrix interaction 

Among the most studied components of cell mechanosome, FAs ad YAP/TAZ have been described as the 
most important in determining the interplay between the cell and the milieu [6]. To assess their behavior in 
response to substrate mechanics, human mesenchymal stem cells (hMSCs) were cultured on surfaces with 
increasing stiffness ranging from physiological to supra-physiological values (Young Modulus: 0.5; 10; 40; 900; 
20000 kPa) and stained for vinculin and YAP/TAZ. Cells growing on very soft surfaces (0.5 kPa) fail to spread 
and to acquire a defined shape. On stiffer substrates (≥10kPa) hMSCs spread to acquire their characteristic 
shape and reach a surface area  6000 m2. Their size is not influenced by substrate stiffness above 10 kPa 
(Figure 1b). The quantification of YAP/TAZ positive nuclei show that, while on soft surfaces the proteins are 
mostly localized in the cytoplasm of the round cells, on stiffer matrices the cells are predominantly stained by 
the antibody in the nucleus, thus testifying the shuttling of the proteins to the nucleus. As previously described, 
YAP/TAZ are active as transcriptional co-activators in cell nucleus. The same cells having YAP in the nucleus 
display the formation of vinculin-rich spikes, which confirm the assembly of focal adhesions at the periphery of 
the cell. As a control, round cells on 0.5 kPa surface show no spikes. Interestingly, cells cultured on substrates 
having different stiffness display a differential regulation of genes involved in hMSC maintenance, 
differentiation (d), proliferation and adhesion (e).  



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

614 

 

Figure 1 Substrate stiffness controls the assembly of Focal Adhesions and the sub-cellular localization of 
YAP transcriptional co-activator. Substrate stiffness in a pathophysiological range (0.5-10 kPa) affects cell 

spreading (cell area). Nonetheless, when grown onto substrates having increasing stiffness (ranging from 40 
to 20000 kPa), no significant difference in cell area is reported (a). Cells grown onto soft materials (0.5 kPa) 
show exclusive cytoplasmic expression of Yes-associated protein (YAP, b) and a limited number of mature 

Focal Adhesions (FAs, here stained for vinculin in green, c) and. When grown onto stiffer substrates  
(≥ 10 kPa), hMSCs display a significant increase in FA formation and nuclear YAP expression, reaching a 

plateau on substrates stiffer than 10 KPa. Substrate stiffness differentially regulates genes involved in hMSC 
maintenance, differentiation (d), proliferation and adhesion (f). 

3.2. Dynamic modifications of ECM nanotopography cause cell adhesion displacement by altering 
YAP nuclear activity and focal adhesion size distribution 

Cell spreading over a stiff surface controls the formation of FAs and YAP nuclear localization, like 
demonstrated by single hMSCs grown onto micropatterned surfaces coated with fibronectin and imposing a 
constraint to cell area (Figure 2a). The number of FAs / cell and the fraction of YAP-positive nuclei, which 
could be not modified by cell polarity when cell area was kept constant (2000 m2), can be quantified by ImageJ 
software (www.imagej.net). Besides controlling YAP shuttling to the nucleus, cell area increase,  
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as determined by single cell spreading over micropatterned surfaces, regulates the expression of key genes 
involved in cell-ECM interaction (b). The treatment with inhibitors of RhoA/ROCK (cytochalasin D, CYTO D 
and Y27634) and Myosin IIa (blebbistatin, BLEBB) pathways, demonstrates that FA assembly, YAP nuclear 
localization and cell area acquisition require the transmission of tension through such pathways  
(Figures 2c, d).  

 

Figure 2 Mechanosome assembly and function is controlled by cell tension and ECM dynamic 
nanotopography remodeling. Single hMSCs grown onto fibronectin-coated micropatterns of different area 
display a differential regulation in FA assembly and YAP/TAZ nuclear localization. While cell area controls 

mechanosome function, cell polarity does not (a). Cell spreading controls the expression of genes involved in 
cell adhesion (b). Cell shape can be disrupted by inhibiting cytoskeleton-propagated tension through 

selective RhoA/ROCK and Myosin IIa pathway inhibitors (c). Tension inhibition results in the disruption of FA 
formation and YAP/TAZ nuclear localization (d). This phenotype can be obtained also by culturing single 

cells on N-cadherin, thus mimicking cell-cell interaction (e). Dynamic modifications of substrate 
nanotopography, as induced by thermal transition in thermoresponsive polymers, induce the cell to 
rearrange and alters both the number and size of FAs, while it determines the transitory shuttling of 

YAP/TAZ to cell cytoplasm (f). 
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The transmission of tension through cell cytoskeleton and cell shaping is dependent on cell-matrix interaction, 
since cells grown onto N-cadherin and mimicking cell-cell interaction are not able to spread and acquire a 
defined size. These cells show no YAP nuclear localization and no FA assembly (Figure 2e). Finally, the 
assembly of FAs and YAP nuclear shuttling are influenced by the dynamical modification of surface 
nanotopography: when thermo-responsive polymers are induced to a nanotopography transition, the cell is 
induced to rearrange its position on the surface and this process is accompanied by a change in FA number 
and size distribution, together with a decrease in YAP nuclear expression (Figure 2f). 

4. CONCLUSIONS 

The components of cell mechanosome - namely Focal Adhesions (FAs) and the Hippo effectors YAP/TAZ - 
are classified according to their ability to change their status in response to mechanical stimuli arising from the 
ECM. In this study, we provide evidence that dynamic modifications of substrate nanotopography directly 
control the size and number of focal adhesions and YAP shuttling to the nucleus. Also, we demonstrate that 
cell ability to spread determines the assembly of FAs and the nuclear presence of YAP/TAZ, and modifies the 
expression of genes involved in cell adhesion, differentiation and proliferation. Therefore, we show that given 
genetic programs can be promptly activated by dynamic changes in ECM structure.  
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Abstract 

The production of renewable, biobased and biodegradable bionanocomposites is dicussed in current research. 
The developement of such materials is mainly driven by rising concerns over environmental issues, 
sustainability and dependency on decreasing petroleum resources. The effect of blending, addition of 
heterogeneous nucleating agents and post-molding annealing on properties of poly(lactic acid) (PLA), poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and lignin-coated cellulose nanocrystals (L-CNCs) 
bionanocomposites was investigated. Masterbatches were prepared by melt mixing using an internal mixer 
and further then were standard tensile test bars injection molded. The crystallization behaviour, morphology, 
impact strength and heat deflection temperature of neat and annealed PLA, PLA/PHBV blends and 
PLA/PHBV/L-CNC bionanocomposites were investigated. The results showed that both property modifiers 
(PHBV, L-CNC) and post-molding annealing had significant influence on material properties. 

Keywords: Poly (lactic acid), poly(hydroxybutyrate-co-hydroxyvalerate), lignin-coated cellulose nanocrystals, 
                   biopolymer blends, nanocomposites 

1. INTRODUCTION 

Increasing interest in biobased and biodegradable polymers is primarily caused by rising concerns over 
environmental issues, sustainability and dependency on decreasing petroleum resources [1]. The interest on 
these biopolymers is also considerable in the prospect of limiting plastics waste disposal through non-toxic 
degradation [2]. The most commonly used biopolymer, poly(lactic acid) (PLA) can be synthesized by either 
ring-opening polymerization of lactide or condensation polymerization of lactic acid monomers that are 
produced from renewable resources such as corn and sugarcane via fermentation process [3]. PLA is 
biobased, biodegradable and biocompatible aliphatic thermoplastic polyester with excellent melt-
processability, transparency, high strength (50-70 MPa) and modulus (3 GPa). In addition, PLA is industrially 
scalable and commercially available at affordable cost. It has been studied and used in a wide variety of 
applications such as packaging, biomedical and automotive [4]. However, still faces important industrial 
problems such as a slow crystallization rate, hydrolytic degradation, low thermal stability and inherent 
brittleness to compete with synthetic commodity polymers [5]. With a view of sustainable development of 
science and technology, these problems need to be improved in order to widen PLA application possibilities. 

The effective, practical and economical concept how to improve polymer properties is blending with other 
polymers. Incorporation of biobased and biodegradable polymers is desired in development of sustainable 
polymer blends [6]. Blending can substantially modify PLA mechanical and thermal properties, biodegradation 
rate and permeability [7]. Polyhydroxyalkanoates (PHAs) belongs to a group of linear polyesters that are 
produced in nature by bacterial fermentation of sugars and lipids. They are synthesized as intracellular carbon 
storage compounds and energy reserves in a various bacteria. PHAs are widely used in various biomedical 
applications due to their excellent biocompatibility and biodegradability [8, 9]. The most important PHAs are 
poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). PHB is a highly 
crystalline and brittle polymer with high melting point and stiffness. To enhance higher flexibility and melt 
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processing capabilities is PHB copolymerized with 3-hydroxyvalerate (HV). Resulting PHBV is a copolymer of 
PHB with randomly arranged 3-hydroxybutyrate (HB) groups and 3-hydroxyvalarate (HV) groups [6, 9, 10]. 
Copolymer shows increase of elongation at break, lowering of Young´s modulus, crystallinity and melting 
temperature with increasing HV group content [11]. Several authors focused their efforts to improve properties 
of PLA via blending with various PHAs [6, 9, 12, 13, 14,15]. Conventional processing (injection molding and 
thermoforming) results industrially in PLA products with very low crystallinity state. 

    

Figure 1 Chemical structure of PLA (a), PHBV (b) [16] and cellulose [17] 

An efficient approach how to improve PLA properties, especially crystallization rate through increasing 
nucleation density during industrial processing is incorporation of heterogeneous nucleating agents [18, 19]. 
However, there are several types of heterogeneous nucleating agents used in PLA processing, those based 
on biobased resources with triggered biodegradability and biocompatibility are highly desired. Severeal 
authors used biobased nucleants to enhance crystallization rate of PLA [3, 20, 21].  

Cellulose nanocrystals (CNCs) are one of the most emerging and promising heterogeneous nucleants for PLA 
due to their interesting properties and biobased origin. Cellulose (C6H11O5)n is a linear chain polysaccharide 
and most abundant organic compound affecting the Earth's surface. In nature exist in form of cellulose 
microfibrils, formed by side-by-side arrangement of strings of cellulose crystallites, linked along the chain axis 
by amorphous domains. CNCs are produced using a top-down mechanically or chemically induced 
deconstructing strategy of hierarchical cellulose structure by hydrolysis of amorphous domains. Typical 
dimensions of CNCs ranging from 3-5 nm in width and 50-500 nm in length. CNC have unique properties such 
as high axial stiffness (~ 150 GPa), high tensile strength (~ 7.5 GPa), low coefficient of thermal expansion (~ 
1 ppm/K), thermal stability up to ~ 300 °C, high aspect ratio (~ 10-100), low density (~ 1.6 g/cm3) and reactive 
surface composed of hydroxyl groups (-OH) [22, 23, 24]. In despite of those interesting properties, poor 
dispersion and distribution of CNCs in PLA limit the potential of mechanical reinforcement and nucleation 
density capabilities. Intra- and inter-molecular hydrogen bonds between CNCs tend to form bundles in 
presence of non-polar polymers like PLA.  

Different strategies has been reported to solve this problem, among them the most promising are silanization, 
grafting of PLA on CNCs surface based on the “grafting from” approach, i.e., a surface-initiated ring opening 
polymerization (SI-ROP) and lignin coating [5, 25, 26, 27, 28]. In this paper, novel, commercially available and 
biobased hydrophobic lignin coated cellulose nanocrystals (L-CNCs) has been used. The single commercial-
scale process and cost-effective production of CNC with possibilities of lignin coated hydrophobic versions (L-
CNC) was developed by American Process Inc. (API) (USA). Thin layer of lignin is deposited through 
electrostatic and Van der Waals interaction on CNCs surface and further than are L-CNCs spray dried [23].  

2. EXPERIMENTAL 

2.1. Materials 

Commercial grade PLA (Ingeo™ 3251D) in pellet form was purchased from Nature Works LLC (USA). PHBV 
(ENMAT™ Y1000P) in powder form was purchased from Tianan Biologic Material Company LTD. (China). 
Spray dried lignin coated cellulose nanocrystals (L-CNC) (BioPlus-LTM Crystals) having an average particle 
size of 4-5 nm in width and 50-500 nm in length was purchased from American Process Inc. (USA). 
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2.2. Processing  

The aim of the study was to use PLA as primary matrix material and PHBV and L-CNC as property modifiers. 
Prior to processing, PLA pellets were dried overnight in laboratory oven (55°C, 12 h.). PHBV and L-CNC 
powders were dried in an oven at 70°C overnight. Pure PLA, PLA/PHBV blends, PLA/L-CNC nanocomposites 
and PLA/PHBV/L-CNC nanocomposite blends were prepared by melt mixing using a CT Internal Mixer (MX 
75) (Thailand) equipped with roller type rotors. At first PLA pellets were added to mixing chamber at 
temperature 170°C with a rotor speed 50 rpm. Further than in case of blends were added powdered PHBV, L-
CNC in case of nanocomposites and both in case of nanocomposite blends to reach desired concentrations. 
Samples were let mixing for 7-10 min until steady state torque was reached. Pure PLA masterbatch was 
prepared in same way to undergo same preparation conditions. For each sample type were prepared 300 g 
masterbatches. Masterbatches were then crushed at shear mill (RETSCH SM 300) (Germany) to pellet like 
particle size and mixed in desired concentration with pure PLA pellets. Prior to injection molding were materials 
dried in Maguire Low Pressure Dryer (LPD 100) (USA) under the following conditions: temperature 80°C, time 
240 min, vacuum 0.8 bar. Standard tensile test bars were injection molded according to ISO 527 on injection 
molding machine (ARBURG 270S 400-100) (Germany) with increasing temperature profile (165 °C up to 
190 °C) of the melting chamber. Post-molding annealing was conducted in laboratory oven (80°C, 30 min.). 
Resulted samples are depicted under code names with final concentrations in Table 1. In case of 
nanocomposite blends was 1 wt. % of L-CNCs in a final blend mixture calculated always over 100 wt. % of a 
blend. Annealed samples are marked at graphs with an "a_" before sample name code. 

Table 1 Sample codes with final concentrations 

sample code 

composition (wt.%) 

PLA PHBV L-CNC 

PLA 100 - - 

PLA/L-CNC (99/1) 99 - 1 

PLA/PHBV (90/10) 90 10 - 

PLA/PHBV/L-CNC (90/10/1) 90 10 1 

PLA/PHBV (80/20) 80 20 - 

PLA/PHBV/L-CNC (80/20/1) 80 20 1 

(example of an annealed sample code: a_PLA/L-CNC (99/1) ) 

2.3. Characterization 

Study of crystallization was conducted by differential scanning calorimetry (DSC) Mettler Toledo DSC 1/700 
calorimeter (Switzerland) according to ISO 11357. The samples amount 8 - 10 mg were sealed in an aluminium 
pan and heated to 200 °C and kept isothermal for 5 min to remove previous thermal history, then cooled again. 
The second heating-cooling cycle analysis run at 10 °C min-1 heating/cooling ramp in a nitrogen atmosphere 
(flow rate 50 ml·min-1) to determine thermal transitions: glass transition (Tg), cold crystallization (Tcc1 and Tcc2) 
and melting (Tf) temperatures and enthalpies (Hcc1, Hcc2, Hf). Since PLA (Ingeo 3251D) is designed for 
high melt flow applications and has very slow nucleation and crystallization rates, the samples have very low 
degree of crystallinity. The crystalline fraction C (%) of PLA, blends and nanocomposite samples was 
calculated by following equation [26]: 

            (1) 
0(%) 100f cc

C
f m

H H
H W
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where Hf is enthalpy of fusion and Hcc is enthalpy of cold crystallization, both determined by DSC. H0f is 
melting enthalpy of 100% crystallized polymer (PLA: H0f = 93 J·g-1 [17] and PHBV: H0f = 109 J·g-1 [29]) and 
Wm is the weight fraction of PLA and PHBV in blend.  

The total theoretical enthalpy of fusion Hf of blends can be calculated according to additive mixing rule 
expressed by equation (2) [30]. 

 f f PLA m PLA f PHBV m PHBVH H W H W                   (2) 

 where Hf-PLA and Hf-PHBV are the enthalpies of melting of pure PLA and PHBV measured by DSC, Wm-PLA 
and Wm-PHBV are weight fraction of PLA and PHBV in a blend. For most of the blends the experimental data 
coincide with the theoretical enthalpy calculated according to the simple mixing rule. 

The scanning electron microscope (SEM) examination of prepared samples was conducted on Carl Zeiss 
ULTRA Plus (Germany). Examined surfaces were taken from middle cross-section of cryo-fractured tensile 
bars. Impact properties of injection molded tensile bars were prepared and measured according to ISO 179-
1/1eU (unnotched) on CEAST Resil 5.5 (Italy) at room temperature 23°C. The Heat Deflection Temperature 
(HDT) measurements were conducted according to ISO 75 (method A) on HDT-KSP analyzer (Czech 
Republic) at heating rate of 120°C h-1. Samples were heated from room temperature to desired temperature 
in a three point bending cantilever. 

3. RESULTS AND DISCUSSION 

3.1. Differential scanning calorimetry (DSC) 

Differential scanning calorimetry was used to investigate the effect of blending, annealing and addition of 
heterogeneous nucleating agents based on L-CNCs on the glass transition, non-isothermal crystallization and 
melting phenomena of blends, nanocomposites and nanocomposite blends. As made DSC scans of injection 
molded samples were summarized in Table 2. These scans were taken from second heating step to remove 
previous thermal history of sample processing. During heating of samples was observed the glass transition 
temperature (Tg), the primary peak cold crystallization temperature (Tcc1), further secondary peak cold 
crystallization temperature (Tcc2) and melting temperature (Tm). Cold crystallization (Hcc) (recrystallization) is 
represented by exothermic peak that is caused by absorbed enthalpy during crystal growth. Such cold 
crystallization of material is related to rapid cooling of the melt in the mould cavity during industrial injection 
molding process. It negatively influenced not only the structure change and material properties but also shape 
and dimensional instabilities of injected parts. Slight Tg decrease of neat PLA from 60.5°C to 56±0.5 for 
PLA/PHBV blends and PLA/PHBV/L-CNC nanocomposite blends has been observed during second heating. 
This decrease of Tg can be understood as an increase of compatibility or partial miscibility of PLA/PHBV blends 
due to shift of PLA Tg towards PHBV Tg (around 5°C). Same decrease has been observed by Gerard and 
Budtova [12]. As can be seen in Table 2 addition of L-CNC (1 wt. %) increases the degree of crystallinity (C) 
but also lowers the cold crystallization enthalpy (ΔHcc) which slips to the lower temperatures or more precisely 
it lowers its temperature interval. An increase of C from 3.9 % for neat PLA to 11 % for PLA/L-CNC has been 
observed. Degree of crystallinity calculation of PLA phase and PHBV phase in blends and PLA/PHBV/L-CNC 
nanocomposite blends is due to overlapping of melting enthalpies (ΔHf) challenging and both equation (1) and 
equation (2) has been applied. However these calculations are not precise and results need to be verified by 
X-ray Diffraction (XRD) in further studies. The shift of cold crystallization peak to lower temperatures has been 
observed for both PLA/PHBV blends and PLA/PHBV/L-CNC nanocomposite blends. In the cooling scans has 
been observed exothermic peaks with nearly no intensity for all samples based on PLA, indicating a rather low 
crystallization capability. 
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Table 2 Thermal parameters of samples derived from the cooling and second heating DSC scans 

  Tm [°C] ΔHf [J·g-1] ΔHcc1 [J·g-1] Δ Hcc2 [J·g-1] ΔHC [J·g-1] C  

PLA 169.5 28.9 24.3 0.7 0.3 3.9 

PLA/L-CNC (99/1) 170.3 38.8 26.9 1.8 0.9 11.0 

PLA/PHBV (90/10) 169.4 39.1 24.4 1.1 0.7 9.1 PLA 

4.8 PHBV 

PLA/PHBV/L-CNC 
(90/10/1) 169.2 39.2 22.8 1.3 1.5 10.8 PLA 

4.7 PHBV 

PLA/PHBV (80/20) 169.2 38.1 21.7 1.3 1.6 3.7 PLA 

10.7 PHBV 

PLA/PHBV/L-CNC 
(80/20/1) 169.3 37.7 20.9 1.2 1.2 4.1 PLA 

10.8 PHBV 
PHBV 171.7 84.9 - - 69.2 77.9 

Summarized thermal parameters at Table 2 represent DSC scans of post-molded annealed samples which 
were taken from first heating step that was followed by cooling. All samples exhibit higher degree of crystallinity 
due to annealing. Except samples with higher PLA phase content there was no cold crystallization observed. 
Pre-melt crystallization (second cold crystallization) was observed only at a_PLA and a_PLA/L-CNC (99/1) 
samples. 

Table 3 Thermal parameters of annealed samples derived from the first heating and cooling DSC scans 

  Tm [°C] ΔHf [J·g-1] ΔHcc1 [J·g-1] Δ Hcc2 [J·g-1] ΔHC [J·g-1] C  

a_PLA 169.5 46.7 - 2.6 0.7 47.4 

a_PLA/L-CNC (99/1) 169.8 46.0 - 1.2 1.1 48.7 

a_PLA/PHBV (90/10) 170.0 45.7 - - 0.9 43.9 PLA 

4.0 PHBV 

a_PLA/PHBV/L-CNC 
(90/10/1) 170.1 45.7 - - 1.3 44.5 PLA 

3.9 PHBV 

a_PLA/PHBV (80/20) 169.2 47.5 - - 1.0 41.1 PLA 

8.5 PHBV 

a_PLA/PHBV/L-CNC 
(80/20/1) 169.6 47.9 - - 1.2 41.6 PLA 

8.4 PHBV 

a_PHBV 172.1 87.5 - - 69.2 80.3 

3.2. Morphology 

Scanning electron microscopy (SEM) was used to study morphological features of pure PLA, PLA/L-CNC 
nanocomposites, PLA/PHBV blends and PLA/PHBV/L-CNC nanocomposite blends. The micrographs are 
shown in Figure 2 (PLA, PLA/L-CNC) and Figure 3 (PLA/PHBV (80/20), PLA/PHBV/L-CNC (90/10/1)). 
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At Figure 2 (left) can be seen typical fracture surface of an amorphous polymer (neat PLA). On the right side 
of picture can be clearly seen fractured L-CNCs bundle that was insufficiently dispersed during PLA/L-CNC 
nanocomposite processing. In this case an insufficient mechanical energy was applied to separate and 
disperse individual L-CNC in viscous polymer. During spray drying process were L-CNCs agglomerated and 
form bundles that are hard to disperse. Limiting SEM resolution is also challenging during identification of 
individualized L-CNCs in fractured samples.  

   
Figure 2 SEM cryo-fractured micrographs of PLA (left) and PLA/L-CNC (right) 

At Figure 3 (left) can be seen fractured surface of PLA/PHBV (80/20) blend. At a micrograph is PHBV well 
dispersed in PLA phase as a small droplet like particles in nanometre range. Same phenomenon was 
previously observed by Gerard et al. [12,31]. However, we can also identify some PHBV granules at 
micrometer range that can cause crack formation during mechanical testing. On the right side of picture is 
fracture of PLA/PHBV/L-CNC (90/10/1) nanocomposite blend. We can found there pull-out holes as well as 
signs of PHBV granules. Due to the similar structure of both polyesters, distinguishing PLA phase from PHBV 
phase is challenging. Limiting SEM resolution is challenging to identify individualized L-CNCs. 

   

Figure 3 SEM cryo-fractured micrographs of PLA/PHBV (80/20) (left) and PLA/PHBV/L-CNC (90/10/1) (right) 

3.3. Impact properties 

Neat as-molded PLA is a very brittle amorphous polymer with low degree of crystallinity (3.9 %).  
As results at Figure 4 shows the impact performance of PLA can be significantly influenced by addition of 
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biobased nucleating agents based on L-CNC (1 wt. %), by post-molding annealing and blending approach with 
PHBV. Resulted PLA/L-CNC (99/1) nanocomposites showed an increase in impact strength by approx. 20 % 
compared to neat PLA. The highest increase in impact performance (approx. 34 %) due to L-CNC from as-
made samples has been observed at PLA/PHBV/L-CNC (90/10/1) nanocomposite blends. Blending approach 
has significant results with lower rates (10 wt. %) of minor PHBV phase. Samples with higher weight 
percentage of PHBV (20 wt. %) did not show significant improvement in impact properties probably due to 
PHBV agglomeration into micron-sized granules (see left picture at Figure 3). However, the most significant 
effect on impact performance of resulted samples has post-molding annealing (80°C, 30 min.) due to highest 
increase in crystallinity of PLA phase (see Table 3). The highest increase of impact performance over neat 
PLA has been observed for a_PLA/L-CNC (99/1). However, a comparable result has been achieved with post-
molded annealed PLA (a_PLA). From this results can be postulated that the degree of crystallinity has the 
most significant effect on impact performance of PLA.  

 
Figure 4 Impact performance of unnotched (1eU) samples at 23°C 

3.4. Heat Deflection Temperature (HDT) 

Heat Deflection Temperature represents the upper working temperature limit of a plastic material. Method A 
was used (constant flexural stress of 1.8 MPa) to study resulted samples. Tsuji and Ikada [32] reported that 
heat resistance of pure PLA molded samples is known to be around Tg, because the crystallinity is very low 
under industrial molding conditions due to lower crystallization rate at higher cooling rate. This also 
corresponds with results of Kawamoto, et al. [33]. As can be seen in Figure 5, Tg and C are significant factors 
that affect HDT. With increased Tg and C (see Table 2 and Table 3) increased also HDT. The highest HDT 
of as-made samples has been observed for PLA/L-CNC (99/1) 61.5 °C and PLA/PHBV/L-CNC (90/10/1) 
62.4 °C. Samples with higher weight percentage of PHBV (20 wt. %) did not show significant improvement in 
HDT. The most significant effect on impact performance of resulted samples has post-molding annealing 
(80°C, 30 min.) due to increase of PLA phase crystallinity (see Table 3). The highest HDT (71.2 °C) has been 
measured for a_PLA/L-CNC (99/1) nanocomposites. That corresponds to 30% improvement in HDT over neat 
as-molded PLA. However, a comparable result has been achieved with post-molded annealed PLA (a_PLA). 
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Figure 5 Heat deflection temperature 

4. CONCLUSION 

In this paper, improved crystallinity, impact strength and heat deflection temperature of sustainable, biobased 
and biodegradable blends and nanocomposites has been introduced. The PHBV blending approach and 
addition of heterogeneous and biobased L-CNC nucleating agents increases the degree of crystallinity (C) of 
as-made PLA phase. It also lowers the cold crystallization enthalpy (ΔHcc) which slips to the lower temperatures 
or more precisely it lowers its temperature interval. Post-molding annealing improved overall impact 
performance and heat deflection temperature of samples due to increased degree of crystallinity (C) (see 
Table 3). Morphology studies of PLA/PHBV (90/10) blends and PLA/PHBV/L-CNC (90/10/1) nanocomposite 
blends exhibit PHBV well dispersed in PLA phase as a small droplet like particles in nanometer range. 
However, at higher content of minor PHBV phase (20 wt. %) some micrometer range granules have been 
observed. Overall the inherent brittleness and low thermal stability of neat PLA has been improved. 
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Abstract  

In recent days, advancements in nanotechnology ensure everyday applications of nanostructured noble 
metals, especially silver. Particularly in the medicinal applications, where they profit from their unique 
antibacterial effects, a serious risk of cytotoxic side-effects may occur. In this work, we studied biological 
(antibacterial and cytotoxic) response of commonly used silver nanostructures (nanowires, NWs), and 
compared them with Pd ones, as their possibly safer alternative. Both metal nanostructures were supported 
on biocompatible polymer - polyethylene naphthalate. The surface of metal/polymer composites was 
thoroughly characterized by XPS, FIB-SEM and AFM. Thereafter, biological testing of the samples was 
accomplished. Antibacterial properties of both, Ag and Pd NWs were examined and mutually compared by 
using Gram-negative bacteria Escherichia coli and Gram-positive Staphylococcus epidermidis, which 
commonly cause hospital-acquired infections. Finally, the comparative cytotoxic study of both types of 
composites was carried out using mouse embryonic fibroblasts. Such approach was chosen to determine, 
whether Pd nanostructures might compete with Ag ones in their medical applications.  

Keywords: Silver, palladium, nanowires, medical applications, antibacterial effects, cytotoxicity  

1. INTRODUCTION  

Nowadays, the exploitation of nanotechnology in the development of antimicrobial polymeric materials gains 
an increasing interest, predominately utilizing silver. Nanostructured silver is highly effective material able to 
fight broad spectrum of nosocomial pathogens, whose main sources are the skin of the patients and/or 
clinicians during a surgical intervention [1]. For this reason, medical applications of this metal in its various 
nanostructured forms are widely spread, e.g., antimicrobial coating of medical devices [2] (surgical 
instruments, catheters, endotracheal tubes etc.), without taking into account its potential human cytotoxicity. 

The mechanism of antimicrobial action of nanostructured silver, particularly clarified for silver nanoparticles, is 
based on partial oxidation, which results in the release of Ag+ ions. Thereafter, silver ions act as the major 
bactericidal agent. They are able to interact with four main components of bacterial cell: cell wall, plasma 
membrane, bacterial DNA and specific enzymes in vital cellular processes. Silver ions cause the degradation 
of cell wall, which results in cell lysis. Subsequent penetration of Ag+ into cell interior is followed by binding to 
DNA bases and causes DNA condensation and chromosomal aberrations. DNA loses its replication ability. 
Another Ag+ exposition sites are mitochondria and ribosomes, where silver ions cause mitochondrial 
dysfunction, ribosome denaturation, and subsequent inhibition of protein synthesis, leading to degradation of 
plasma membrane [3]. 

In recent days, silver being used more and more in matters of general consumption, however, complex studies 
warning about its toxicity goes hand in hand. Contaminated wastewater was reported to negatively affect fish, 
and, in particular, direct use of antimicrobially treated medical devices causes serious complications to human 
[3]. Available studies reported that the most cytotoxic are silver nanowires [3-5]. For this reason, we prepared, 
characterized, and investigated biological response of silver nanowires supported on laser-treated 
polyethylene naphthalate (PEN), and palladium NWs/PEN composites, and compared them between 
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themselves. Since PEN is commonly used material in medical applications (e.g., in the preparation of very thin 
and strong balloon catheters), it was chosen as a model biocompatible polymer.  

2. EXPERIMENTAL 

2.1. Materials, apparatus and procedures 

Polyethylene naphthalate foil (50 µm, Goodfellow Ltd., UK) was used as a substrate. The preparation of 
periodic ripples on the samples' surface was performed by KrF excimer laser (COMPexPro 50F, Coherent, 
Inc., wavelength 248 nm, pulse duration 20-40 ns, repetition rate 10 Hz) using linearly polarized laser light with 
UV-grade fused silica prism (model PBSO - 248-100) on an aperture with the area of 5×10 mm2. The samples 
were irradiated by 6,000 laser pulses using laser fluence of 10 mJ∙cm-2 (sample area of 2×2 cm2).  

The deposition of metals (Pd and Ag pellets of 3.18×3.18 mm2, purity 99.99 %, Safina, a.s., CZ) onto patterned 
PEN surface was carried out by vacuum evaporation (LEYBOLD-Heraeus, Univex 450 device) to produce 
metal nanowire arrays (20 nm thick). Deposition conditions: room temperature, pressure of 3∙10−4 Pa, 
deposition rate of 0.33 nm∙s−1, and glancing angle of φ = 70. Quartz crystal microbalance was used for in situ 
monitoring of metal thickness (∆fAg = 640 Hz, ∆fPd = 220 Hz), and AFM scratch method (AFM VEECO CP II 
device) measured metal effective thickness (glass substrate) [6]. Thickness variations did not exceed 5 %. 

2.2. Analytical methods 

The atomic concentrations of C(1s), O(1s) Ag (3d) and Pd(3d), on the samples´ surface were measured by X-
ray photoelectron spectroscopy (XPS) using Omicron Nanotechnology ESCAProbeP spectrometer. The X-ray 
source was monochromated at 1486.7 eV. The step size was 0.05 eV. The electron take-off angle was set to 
- 81 and 81° (with respect to surface normal) [7]. Spectra evaluation was done by CasaXPS software. 

Focused Ion Beam Scanning Electron Microscope (FIB-SEM, LYRA3 GMU, Tescan, CZ) was used for 
visualization of NWs. FIB cuts were made by a Gallium ion beam. The analyzed surface was cleaned and 
flattened by polishing procedure. The images were taken under the angle of 54.81° and voltage of 5 kV. 

Surface morphology of the samples was determined by atomic force microscopy (AFM) using AFM VEECO 
CP II device. Tapping mode minimized potential damage of the samples. A Veeco oxide-sharpened P-doped 
silicon probe RTESPA-CP attached to a flexible micro-cantilever working near its resonant frequency of 
300 kHz was used. The scans were acquired at the line scanning rate of 0.5 Hz. Surface roughness (Ra), 
periodicity (Λ) and height (h) were then evaluated [7]. Variations of these parameters did not exceed 5 %. 

2.3. Biological tests 

Antibacterial response was investigated by the drop plate method [7,8] using Gram-negative (G-) Escherichia 
coli (DBM 3138) and Gram-positive (G+) Staphylococcus epidermidis (DBM 3179). Tested and control samples 
(triplicates) were immersed in 2 ml of physiological solution (PS), and inoculated with 1.1×104 of colony forming 
units (CFU) per 1 ml of E. coli and 2.2×104 of CFU per 1 ml of S. epidermidis. The samples were incubated 
under both, static and dynamic (shaking at 130 rpm) conditions at 24 °C (E. coli) and 37 °C (S. epidermidis) 
for 3 and 24 h. Afterwards, the aliquots of 25 µl from each sample were placed on agar plates (LB for E. coli, 
PCA for S. epidermidis) in 10-fold repetitions. After overnight incubation, CFUs were counted by Lucia Image 
4.8 software. The experiments were accomplished under sterile conditions. 

Cytotoxic response was examined using WST-1 assay (Sigma, USA) [7] using mouse embryonic fibroblasts 
L929. The samples were sterilized by UV irradiation, inserted into 12-well plates (VWR, USA, Ø 2.14 cm), and 
then seeded with 30,000 cells per well in triplicates in 1 ml of Minimum Essential Medium (MEM) supplemented 
with 10% Fetal Bovine Serum (FBS). The cells were incubated for 24, 48 and 72 h (cultivation conditions: 
37 °C, 5% CO2, and 95% humidity). The culture medium was replaced with fresh phenol red free FluoroBrite 
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DMEM (480 µl) supplemented with 20 μl of WST-1 reagent per well. After 2 h of incubation, the medium of 
individual wells was aliquoted into 96-microtiter plates. The absorbance was measured at 450 nm (reference 
wavelength of 630 nm) using UV-Vis spectrometer (BioRad). Cells cultivated on standard tissue culture 
polystyrene (TCPS) and on pristine and rippled PEN served as controls. 

3. RESULTS AND DISCUSSION 

3.1. Surface characterization 

The combination of laser modification of polymer and vacuum evaporation of metals was used for the 
preparation of self-organized, fully separated Ag and Pd nanowire arrays (thickness of 20 nm). Due to the 
experimental set-up of vacuum evaporation process (glancing angle of 70°) resulting in the shadow effect [9], 
this two-step preparation process produce metal NWs preferably from one side of rippled PEN (for graphical 
representation see ref. [7]). This phenomenon was confirmed by XPS (see Table 1) and FIB-SEM (Figure 1). 

The determination of atomic concentrations of elements (at. %) by XPS was carried out from both sides of the 
samples; left and right (for graphical representation see ref. [7]). The analytical information was provided from 
1-2 atomic layers. Concentrations of C and O are given by PEN stoichiometry, and were extended by 
hydrocarbon impurities adsorbed from air [10]. The presence of Ag and Pd originates from vacuum evaporation 
process. Tůma et al. [11] found that after two-step deposition of Ag, the concentration of Ag is independent on 
the detection angle. Contrary to our one-step metal deposition (shown in Table 1), in which higher values for 
both, Ag and Pd were found from the left side (Ag - left 24.8 %, right 8.6 %, Pd - left 25.9 %, right 9.0 %, 
respectively). Thus, the difference between the results originates from symmetric and asymmetric metal 
deposition, respectively. Significant differences in concentrations of both metals (Ag and Pd samples) 
confirmed the formation of NWs from one (in this case left) side of the ripples, caused by above-mentioned 
shadow effect [9]. The results for pristine and rippled PEN revealed no noticeable differences in element 
concentration from the left and right side. Slight concentration discrepancy, found by comparing the samples 
of pristine and rippled PEN, was given by the compositional change of the samples during laser patterning, as 
well as by associated change of their surface morphology, evident from AFM images (Figure 2). 

Table 1 Atomic concentrations of C(1s), O(1s), Ag(3d) and Pd (3d) measured by XPS under the electron  
  take-off angle of - 81 and 81° (left and right side of the samples)  

side sample 
atomic concentrations of elements (at. %) 

C O Ag Pd 

Left (-81°) 

pristine PEN 73.0 27.0 - - 

rippled PEN 79.3 20.7 - - 

Ag NWs/PEN 63.1 12.1 24.8 - 

Pd NWs/PEN 62.1 12.0 - 25.9 

Right (81°) 

pristine PEN 73.1 26.9 - - 

rippled PEN 79.5 20.5 - - 

Ag NWs/PEN 75.9 15.5 8.6 - 

Pd NWs/PEN 74.4 16.6 - 9.0 
 

Visual representation of metal NWs formed from ripples´ one side shows Figure 1. These results corresponds 
to AFM ones (see below, Figure 2), however, FIB-SEM analysis is more informative; it might measure various 
parameters, such as the distribution and shape of NWs. In particular, AFM scans cannot provide the imaging 
of fully separated metal NWs [12]. In Figure 2, one can observe the interface between a polymeric substrate 
(PEN) and metal (Figure 1a) Ag, and b) Pd NWs). 
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Figure 1 FIB-SEM images of a) silver, and b) palladium nanowire arrays supported on laser-patterned PEN 

Surface modification of polymer, such as laser patterning, enables a direct control over the material 
biocompatibility; might significantly increase the adhesion and proliferation of human cells [13]. For this reason, 
AFM was used to evaluate the surface morphology before and after laser patterning of the samples. One of 
the most important parameter related to material biocompatibility is its surface roughness, which also plays an 
important role in its resulting antibacterial effects [13]. It follows that the enhancement of those two types of 
biological responses by the combination of laser patterning and metal deposition gives a promising 
combination of materials properties for their medical applications. Figure 2 shows periodic ripples 
homogenously distributed over the PEN surface (sample of rippled PEN). The value of surface roughness (Ra) 
was considerably increased after laser patterning (PEN 4.4 nm, rippled PEN 9.9 nm). No significant differences 
were observable after metal deposition (Ag NWs/PEN 9.2 nm, Pd ones 9.9, respectively). The values of 
periodicities (Λ) and heights (h) (ΛAg = 215.3 nm, hAg = 36.9 nm, and ΛPd = 217.8 nm, hPd = 34.8 nm for Ag and 
Pd NWs/PEN, respectively) were mildly decreased compared to rippled PEN sample (224.0 nm, 37.4 nm), 
because of partial filling of the ripples by metal during vacuum evaporation process. 

 
Figure 2 AFM images together with corresponding surface roughness (Ra), periodicity (Λ) and height (h) 

3.2. Biological tests 

The results of antibacterial testing with two environmental bacterial strains of G- E. coli and G+ S. epidermidis 
are shown in Figure 3a, b, respectively. The samples were incubated in both, static and dynamic mode for 3 
and 24 h. In Figure 3, one can see that pristine and rippled PEN were not antibacterially active in all conditions, 
with the exception of rippled PEN in dynamic mode after 24 h of cultivation of S. epidermidis (Figure 3b). Mild 
antibacterial effect (about 30 % of control sample) might be a consequence of higher sensitivity of G+ bacteria 
to surface properties of a materials with which they are in a contact, such as surface morphology and 
roughness [14] (see Figure 2). Antibacterial effects of both Ag and Pd/PEN composites, increased with 
incubation time in all conditions. After both, 3 and 24 h of incubation of S. epidermidis in dynamic mode 
(Figure 3b), no countable CFUs were detected, unlike E. coli (Figure 3a). The different results for E. coli and 
S. epidermidis were a consequence of a different composition of their cell walls; positively charged noble 
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metals easily penetrate through the cell walls of G+ bacteria (S. epidermidis) [15]. The samples of Ag and Pd 
NWs showed comparable antibacterial effects in all conditions, which enables medical applications of Pd NWs 
as an alternative of Ag ones. 

 
Figure 3 Relative antibacterial effect (CFU of sample / CFU of control) against a) E. coli and 

b) S. epidermidis, in static and dynamic mode. Gray line is a reference level together with its uncertainty  

For safer applications of metal NWs/polymer composites, primarily medical ones, relative viability of L929 cell 
line was studied for cultivation times of 24, 48 and 72 h. One can see the results in Figure 4. Pristine PEN 
was not cytotoxic in all conditions. However, rippled one showed mild cytotoxicity after 24 and 48 h of 
cultivation (ca 15 % of TCPS), which disappeared after 72 h. Observed cytotoxic effects were probably caused 
by more difficult adaptation and fixation of cells onto rippled surface, since L929 line is characterized by high 
sensitivity to rougher surfaces [16]. Our cytotoxicity tests confirmed significant cytotoxicity of Ag NWs reported 
earlier in ref. [3-5], which was more than 50 % of TCPS and increased with cultivation time under conditions. 
Contrary to that, Pd NWs were not found to be cytotoxic, which represents safer alternative to Ag ones. 

 
Figure 4 Relative viability (absorbance of sample / absorbance of control) of L929 cell line. Gray line 

represents a reference level together with its uncertainty (dash line) 

4. CONCLUSION 

We present a comprehensive study of nanostructured, antibacterial, metal-based coatings of polymeric 
medical devices (metal NWs). The most commonly used nanostructured metal (silver) was confronted with Pd 
one. It was found that the increase of surface roughness did not lead to enhanced biocompatibility, L929 cell 
line was highly sensitive to rougher surfaces. From the results of biological testing, it turned out that both, Ag 
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and Pd NWs/PEN composites have the appropriate antibacterial properties, however, only Pd ones fulfil the 
condition of cells´ safety, which making them suitable candidates for medical applications. Due to relatively 
high cytotoxicity, the applications of Ag NWs in medicine are limited and their contact with living tissues, e.g., 
in the treatment of medical devices, should be minimized.  
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Abstract  

Body implants are a necessary part of contemporary medicine. Biocompatibility and life-span are some of the 
most frequently controlled parameters of materials. One of the possible ways of ensuring these requirements 
is to modify the surface of the implant with a thin layer. TiCN thin films with differing compositions were 
deposited on AISI 316 surgical steel by the cathodic arc evaporation of pure Ti with various different gas ratios 
of N2 and C2H2. During the deposition process, the pressure in the vacuum chamber was 1.5 Pa and the 
deposition temperature was 400 °C. The thickness of the layer and the adhesion of the layer to the substrate 
were studied from the point of view of the possible use of the samples in medical applications. The deposition 
parameters affect the physicochemical properties (the chemical composition, roughness and surface energy), 
which have a subsequent impact on the attachment of cells. Application of TiCN thin layer also increases the 
risk of colonization by bacterial strains. Escherichia coli was used as the model bacterial strain. Colonization 
of the surface that is undesirable for these applications has been observed. This work presents the 
physicochemical properties of the individual TiCN thin layers and also evaluates the relationship between the 
surface properties and colonization of the surface by bacterial cells. 

Keywords: TiCN thin layers, biocompatibility, bacterial population colonization, surface roughness 

1. INTRODUCTION 

Adhesion of bacteria strongly correlates to surface properties. The ability of bacteria to colonize a surface 
is mainly related to the roughness, topography and wettability of the surface. Another parameter is the 
chemical composition [1].  

A thin layer is usually applied to the so-called substrate to change its physical, mechanical and chemical 
properties. Thin layer coating is used to increase hardness, wear resistance, corrosion prevention and other 
unwanted chemical reactions [2]. As a result, thin films are used in electrical engineering, engineering, optics 
and medicine [3]. Carbon thin films have high corrosion resistance, hardness and they are chemically inert. 
Thanks to their biocompatibility, carbon layers are ideal for joint implant coatings. So far, DLC (Diamond Like-
Carbon) layers have been used for this purpose. An alternative to DLC layers can be a carbon layer with added 
metal [4]. Such a metal can be titanium in the form of a TiCN (carbonitride titanium) layer, which has been 
evaluated as being biocompatible [5], [6].  

The aim of this study is to determine the parameters that most influence the adhesion of bacteria to the TiCN 
thin films used in medicine [7].  
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2. MATERIALS AND METHODS  

2.1. Description of studied samples 

Seven types of thin layers of TiCN were deposit on surgical steel. Samples (S-01 to S-07) were prepared 
at the Central Laboratory of Applied Physics at the Bulgarian Academy of Sciences in Plovdiv. The PVD 
(Physical Vapor Deposition) method of Cathodic Arc Plasma Deposition was used. The deposition conditions 
of the individual layer types are shown in Table 1. A microscopic slide was used as a control during 
the microbiological tests. Glass was chosen as a control because it is inert and biologically inactive. 

TiCN thin coatings with differing compositions are deposited by the cathodic arc evaporation of a pure titanium 
cathode (99.99 %) in various gas mixtures of N2 and C2H2 at a constant pressure. Table 1 shows the set ratio 
of C2H2 and N2 in the gas flow (gas flow is measured in sccm) used for each coating. The deposition 
parameters, fixed for all of the coatings are: deposition temperature of 400°C and constant working pressure 
of 1.5 Pa. The deposition time for Sample-7 is 60 min and for all of the others it is 120 min. 

Rectangles with dimensions 20 x 20 x 2 mm (AISI type 316 stainless steel) were used as a substrate. Their 
nominal composition is (at. %): Al - 0.08; Si - 0.9; Cr - 18.3; Mn - 1.5; Ni - 9.8; Mo - 1.2; Fe - 68.2. 

The substrates are ultrasonically cleaned in acetone and ethanol for 5 minutes, followed by cleaning in a glow 
discharge of argon plasma and surface cleaning with metal ions. To achieve good adhesion of the coatings to 
the substrate, contact transition films of titanium and titanium nitride are deposited. 

2.2. Measurement of physicochemical parameters of TiCN layers 

Surface chemical analysis was performed on a Carl Zeiss ULTRA Plus Scanning Electron Microscope using 
EDX analysis. Surface roughness was evaluated using atomic force microscopy using JPK Nanowizard 3 (non-
contact mode). The surface roughness (Ra) was evaluated on a scanning area of 10 x 10 μm. A wettability 
test was performed on the Surface Energy Evaluation System (See System). An average contact angle of ten 
drops was evaluated on each sample. The coating thickness is evaluated by calotest measurement. The 
calotest is a quick, simple and cheap method, widely used for analysing the thickness of thin coatings with 
thicknesses typically between 0.1 and 50 µm. The evaluation of the thickness was carried out using the 
integrated software on the Carl Zeiss Axio Imager optical microscope. The thin-film adhesion to the substrate 
was evaluated by the scratch test. This test was performed with the CETR UMT Multi-Specimen Test System 
(according to the EN1071-3:2005 standard). After 60 days of leaching in physiological saline, the analysis was 
performed and traces amounts of the Cr, Ni and Ti elements were detected in different ratios. Induced Plasma 
Emission Spectrometry (Perlein Elmer - Optima 2100 DV) was used. 

2.3. Measurement of biological interaction with thin films 

Bacteria Escherichia coli (strain designation: CCM No. 3954) were inoculated from a solid medium into 30 mL 
of soybean (Casey Digest Medium from HIEDIA) and subsequently incubated at 37 °C in an Incucell incubator 
from BMT Medical TechnoLogy. Based on previous experimental verification, 0.1 MCF was chosen as the 
most appropriate concentration of bacteria for the cultivation tests. The test with the suspension was performed 
at two different contact times of the bacteria with the sample surface. The samples were cleaned with cellulose 
moistened in acetone and dried in a Venti-cell dryer (BMT Medical Technology) at 70 °C for 30 minutes. The 
bacteria were exposed to the surface for one hour at 37 °C. Thereafter, the samples were shaken for 30 
minutes at 250 rpm in physiological saline. The suspension was diluted to the 4th order. After incubation for 48 
hours at 37 °C, the number of colonies was evaluated. The whole measurement was done in triplicate. At the 
second attempt, the procedure was almost identical. The contact time of the bacterial suspension was 
extended to 24 hours and the dilution was carried out until the 6th order.  
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3. RESULTS AND DISCUSSION 

Firstly, a comparison of the physicochemical properties of the layers and the parameters of their deposition 
were made. In the second half of the study, the biological interaction was evaluated, and the data 
from microbiological tests were related to the properties of the layers. 

3.1. Effect of deposition on the physicochemical parameters of TiCN layers 

The chemical composition was most affected by the gas flow during deposition. A higher acetylene flow rate 
during deposition caused a higher percentage of carbon and oxygen in the chemical composition of the TiCN 
thin layer. With an increasing nitrogen flow, a higher percentage of nitrogen and titanium is formed 
on the deposited layer. The electric current was the only deposition parameter that had an effect on the surface 
roughness. A larger electric current caused a smoother surface. 3D and 2D profiles were created to evaluate 
the morphology of individual surfaces. Based on the definition, all of the tested surfaces are hydrophilic. 
According to the measurements made, none of the deposition parameters had a significant effect on surface 
hydrophilicity. Also, the thickness of the coated layer and the adhesion of the layer to the substrate depended 
on the electrical current used during deposition. Increasing the current during the coating process leads 
to an increase in the thickness of the deposited coatings. The higher the deposition current, the greater the 
adhesion of the TiCN film to the substrate. After sixty days of leaching, chromium and nickel were detected 
in the solution. All of the measured data are summarized in Table 2. 

3.2. Biological interaction with thin layers 

Bacterial suspension tests were performed at two different contact times of bacteria with sample surface (1 and 
24 hours). After contact of the bacteria with the surface for one hour, the numbers of colonies were not 
significantly different. The number of colonies that colonized the surface after 24 hours is depicted in Figure 1. 
Here the differences were more pronounced. None of the chemical elements contained on the surface 
of a layer can be considered decisive in the colonization of bacterial populations. Surface roughness is one of 
the parameters that supported the formation of bacterial biofilm on the surface. The slide has a much lower 
surface roughness than the other samples, and the surface of the slide is noticeably less colonized than the 
TiCN-coated steel. Surface hydrophilicity was the most important. The less hydrophilic the surface of the 
sample, the better the bacteria adheres to the surface. This confirms the theory that bacteria better adhere 
to hydrophobic surfaces as Palmer writes in his study [8]. Surface colonization was also documented using 
the Carl Zeiss ULTRA Plus scanning electron microscope (Figure 3).  

4. TABLES AND FIGURES 

Table 1 Parameters of deposition of the individual layers 

 
Sample 

S-01 S-02 S-03 S-04 S-05 S-06 S-07 

Gas ratio C2H2/N2 [sccm] 11/180 30/140 30/140 30/140 75/150 75/150 93/80 

Voltage U [V] - 40 - 40 - 60 - 40 - 40 - 40 - 40 

Current I [A] 85 85 85 125 85 125 85 

Deposition time t [min] 120 120 120 120 120 120 60 
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Table 2 Physicochemical parameters of the TiCN layers 

 
Sample 

K S-01 S-02 S-03 S-04 S-05 S-06 S-07 

Percent chemical 
composition of layers 

[At. %] 

C - 9.0 32.8 30.4 23.2 47.0 38.3 53.1 

N - 41.2 30.7 31.7 34.6 22.1 26.3 12.7 

O - 2.5 6.9 5.4 3.4 10.4 7.0 20.2 

Ti - 47.3 29.5 32.5 38.8 20.6 28.4 13.9 

Total  100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Contact angel [°] θ 33.8 47.8 61.4 58.5 68.9 56.2 51.55 57.52 

Layer thickness [nm] t - 664 1020 734 1534 1265 2383 1371 

Scratch test [N] 
LC1 - 7.5 7.5 7.5 8.5 8.1 8.5 7.8 

LC3 - 9.6 9.1 9.5 10.8 10.0 10.7 10.0 

Amount of leachate 
[mg/l] 

Cr - 0.0013 0.0029 0.0019 0.6551 0.0135 0.0211 0.0038 

Ni - 0.0004 0.0045 0.0425 0.3420 0.0435 0.0348 0.0107 

TOC - 2.2 4.1 2.7 2.5 2.8 2.4 14.1 

Surface roughness [nm] Ra 4.3 99.5 151.9 104.1 73.3 141.3 63.5 118.6 

 
Figure 1 Colonization of the surfaces by bacterial cells after 24 hours 
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Sample surface (S2) Sample surface (S4) 

Figure 2 The layers are applied at the same gas ratio (30/140). The increase in current from 85 A to 125 A 
(sample 4) results in a refinement of the structure and a reduction in biofilm formation 

 
Figure 3 SEM imagine. Colonization of the surfaces by bacterial cells after 24 hours. Well-visible structure 

of the surface 

For samples 1, 2, 5 and 7, a constant current and voltage (- 40 V and 85 A) were used. Figure 1 shows that 
the change in the C2H2 / N2 (11/180) gas ratio leads to differences in biofilm formation. The best results were 
obtained for sample 1 compared to the other samples. An increase in the gas ratio of samples 1, 2, 5 and 8 
leads to an increase in surface roughness (see Table 2). 

On the contrary, for samples 2, 3 and 4, the same ratio of gases was used. The current and voltage were 
changed. The voltage was increased from -40 A to -60 A. This change led to a slight decrease in the formation 
of biofilm on the surface (by 2.2 % compared to sample 2). Increasing the current (from 85 A to 125 A) on the 
sample surface decreased the creation of biofilm by 23.4 % compared to sample 2. Increasing the voltage 
from - 40 to - 60 V (sample 3) and the current from 85 to 125 A (sample 4) led to a refinement of the structure 
of the coatings, the measured surface roughness of samples 3 and 4 was lower than sample 2. 

For samples 5 and 6, a constant gas ratio of 75/150 sccm and change of current from 85 A to 125 A had 
no effect on the formation of biofilm on the surface of the studied layers. Increasing the current from 85 to 125 A 
(sample 6) led to a refinement of the coating structure, i.e. a reduction of surface roughness (Table 2, sample 
5 and 6). 
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5. CONCLUSION 

Seven types of thin TiCN layers were deposited on AISI 316 surgical steel. The most striking effect on biofilm 
formation in terms of the physicochemical parameters was the hydrophobicity of the surface. The more 
hydrophobic layers were more colonized by bacteria. The creation of a biofilm increased by 258 % on sample 
2 (the most hydrophobic) compared to the control. A higher surface roughness also had a positive effect on 
biofilm formation, i.e. a rougher surface led to a better adhesion of bacteria and faster biofilm formation. For 
the samples with the TiCN layers, the content of the individual elements on the surface had a minimal effect 
on biofilm formation. The aim of this work was to reveal the dependence between the properties that reduce 
the adhesion of bacteria cells to the surfaces and the deposition parameters of the layer. Based on the 
performed tests, it was concluded that increasing the current during the coating process leads to a reduction 
of surface roughness (see Table 2, samples 4 and 6) and thereby an decrease in bacterial biofilm formation. 
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Abstract 

The «pure» colloidal solution of silver (hydrosol) preparation method was developed. This hydrosol contains 
only silver NPs of the average size (20-25 nm) and stabilizing carbonate ions. Preparation method consists in 
the photo-chemical reduction of silver ions by oxalate-ions, which generate stabilizing carbonate ions. The 
hydrosol was studied by methods of physicochemical analysis (spectrophotometry, dynamic light scattering, 
and transmission electron microscopy, scanning electron microscopy). The hydrosol is aggregative stable for 
several weeks in water. The Bacteria Escherichia coli (gram-negative, family Enterobacteriaceae) is chosen 
as biological object to study the bactericidial properties NPs It has been found that silver NPs suppress the 
development of microflora. However, the antimicrobial effect is lower in comparison with silver in ionic form.  

Keywords: Silver nanoparticles, antibacterial material, carbonate ions, «pure» hydrosol, Escherichia coli 

1. INTRODUCTION 

Silver nanoparticles (NPs) find wide use as effective antimicrobial agents in industrial applications and in 
medicine [1, 2]. One of the most common groups of nanomaterials is silver nanoparticles of various shapes 
and sizes. Silver NPs have wide antimicrobial action spectrum, the lack of resistance to it from the majority of 
pathogenic microorganisms and allergenic properties contribute to the increased attention to this nanomaterial. 
Silver in a form of nanoparticles is used in food packaging, sports clothes, paints, enamels and objects of 
common use, also in the perfume production and medical preparations. The antimicrobial activity increase 
multiple by reason of the large specific surface area. The small sizes (≤ 10 nm) allow influencing on the 
intracellular processes [3].  

One of the most common ways of silver NPs preparation is reduction silver ions on the water solution [4]. 
Sodium borohydride, hydrazine, citrate, ascorbate usually are used as reduction agents [5, 6]. In water NPs 
show hydrophobic properties. Stabilizing organic and inorganic agents added into the solution to prevent the 
aggregation of nanoparticles. Polymeric compounds and polar organic molecules cap the metallic core and 
the large micelle formed as a result. A layer of stabilizer weakens the mutual attraction of the metallic particles. 
On the one hand the NPs surface modification by the stabilizer provides aggregative stability, on the other 
hand physicochemical properties change significantly. Used stabilizing and reducing agents and their 
dissociation products as a rule are toxic. For this reason, the disinfecting silver action is complicated by these 
toxic supplements and solvate layer, obstructing the contact silver NPs with biological object. Consequently, 
there are actually to develop a methodology of synthesize silver NPs without toxic compounds and to the 
greatest extent matches to the natural water composition, containing carbonate ions and stabilize it by 
electrostatic methods using ions with small sizes, which are harmless for the people health and the 
environment. On the NPs surface the carbonate ions are forming electrical double layer. The micelle size with 
electrostatic mechanism of stabilization is comparable with size of nanoparticle and NPs surface is much more 
available for biological object in comparison with polymeric mechanism of stabilization [7]. The task was to 
obtain the “pure” silver hydrosol, containing only NPs of small sizes and stabilizing it carbonate ions.  

The Bacteria Escherichia coli (gram-negative, family Enterobacteriaceae) was chosen as biological object to 
study the antimicrobial activity of produced silver NPs. Silver ions’ activity was studied to compare the results. 
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Different concentrations of silver NPs and silver ions have been inoculated into the liquid nutrient media with 
bacteria cells. Silver activity consists in inhibition of cells quantity increase as a result of cells division impairing. 

2. MATERIAL AND METHODS 

Monohydrate of the silver perchlorate (AgClO4∙H2O, 99%) by Aldrich Chemical and the potassium oxalate 
(K2C2O4, 99.9 % special purity grade) by Reakhim were used in experiments. Preparation of “pure” silver 
hydrosol, contained only silver NPs and carbonate ions is based on reducing silver ions in solution in the 
presence of oxalate ions under the pulse UV-radiation. As the source of silver ions, 3×10-4 mol/L aqueous 
silver perchlorate (AgClO4) was mixed with 1×10-4 mol/L potassium oxalate (K2C2O4) as carbonate ions source 
(ionic stabilizing agent). Irradiation was carried out on the air in the quartz cuvette (2 mL) with the optical path 
length 5 mm. Solutions have been irradiated by pulse xenon lamp with the total radiation flux intensity IUV = 
6.0×1020 quantum/s. Optical spectra were measured using a Cary 100 Scan (Varian Inc.) spectrophotometer, 
equipped with thermostatic Peltier cell, with temperature T = 20 0С. Hydrodynamic size and ζ-potential of 
colloidal particles were determined by method of dynamic light scattering on Delsa Nano C (Beckman Coulter, 
Inc.), the wavelength of the scattered laser radiation λ = 658 nm. The sizes and polydispersity of the 
nanoparticles were determined with a JEM-2100 transmission electron microscope (TEM) (JEOL, Japan) 
operating at an accelerating voltage of 200 kV. 

3. RESULTS AND DISCUSSION 

3.1. Silver NPs characterization 

UV-light action on aqueous solution of silver ions (3×10-4 mol/L) containing oxalate ions (1×10-4 mol/L) initiates 
the formation of active reducing radicals CO2-, silver ions reduction and formation of NPs and carbonate 
according to following scheme: 

(CO2)22- /\/\/\→ 2 CO2-           (1) 

Ag+ + CO2- → Ag0 + CO2          (2) 

nAg0 → Agn            (3) 

CO2 + H2O ↔ H+ + HCO32-          (4) 

 

It is substantiated by appearance and growing of optical absorption of surface plasmon resonance (SPR) on 
range 390-410 nm, which is characteristically for silver NPs [8]. The shift of SPR band from 410 nm to 390 nm 

Figure 1 Optical absorption spectra of 
solution containing Ag+ ions (3×10-4 
mol/L) and ions (1×10-3 mol/L) after 
different time of UV irradiation. The 

insert shows variations in the SPR peak 
intensity (ISPR) as depending on the 

irradiation time 
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occurs on the reduction process. This is due to the silver ions reduction on the NPs surface and their “pumping” 
by extra electrons as result of radical ions CO2- discharge. The SPR absorption band increase and its shift to 
the short waves are result of free electrons concentration increase in the particle. The process is completed 
with full reduction of silver ions. This is manifested on achievement of optical absorbance stationary level of 
metal particles. 

 

Figure 2 TEM image of obtained silver nanoparticles 

TEM data indicates the nanoparticles formation mainly with spherical form and with sizes narrow distribution. 
The NPs medium size measured by TEM is 21.9 ± 4.6 nm and measured by DLS is 22.8 ± 5.2 nm. Thus, 
micelle has the approximately same size such as metallic core. Silver hydrosol is stable for several weeks. [9]. 
Silver NPs have thin but effective stabilizing electric double layer [10]. 

3.2. Antibacterial activity of silver NPs 

Antibacterial activity of obtained NPs was studied. 

 
Figure 3 Quantity of cells: result of inhibition by different concentration of silver under aerobic and anaerobic 

conditions 
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The antibacterial effect of silver ions shows up at lower concentrations than nanoparticles. Suppressing of the 
activity of bacteria has been found at lower concentrations under aerobic conditions in comparison with 
anaerobic conditions. 

Table 1 LD50 (mole/L) of bacteria Escherichia coli 
 

Ion, mol/L NPs, mol/L 

Aerobic 2.61×10-7 1.56×10-5 

Anaerobic 2.61×10-7 1.03×10-6 

Under anaerobic conditions LD50 of bacteria Escherichia coli consists 2.61×10-7 mol/L for silver in ionic form 
and 1.56×10-5 mol/L for silver in metallic form.  

3. CONCLUSION 

Thus, we developed a method for the preparation of pure silver hydrosols, which contain virtually only small 
nanoparticles and stabilizing carbonate ions. These hydrosols are free from compounds that are usually 
employed as reducing agents or stabilizing additives and the products of their decomposition, which may be 
toxic towards living nature or affect functioning of living organisms. The silver hydrosol that we prepared fully 
corresponds to the composition of natural freshwater and can be used as a disinfecting solution. It has been 
found that silver NPs suppress the development of microflora (Bacteria Escherichia coli). However, the 
antimicrobial effect is lower in comparison with silver in ionic form. Despite of lower antimicrobial effect of silver 
NPs compared with silver in ionic form, NPs are perspective bactericidal material with long-lasting and 
prolonging action. Silver nanoparticles are more effective and universal antimicrobial agent because they firmly 
absorbed and could be included in objects of different purpose. As well NPs are sources of silver ions for a 
long time and they can be used as effective disinfectants for medicine. 
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Abstract  
The synthesis process of composites based on graphene oxide is described and tested as a carrier of zinc 
oxide nanoparticles and subsequently tested as an antimicrobial agent for some bacterial strains 
(Staphylococcus aureus (S. aureus), methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia coli 
(E. coli). Scanning electron microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDX), and Fourier 
transform infrared spectroscopy (FT-IR) confirmed the formation of this composite. The composite was tested 
by colony-forming capability test. Graphene oxide as well as zinc oxide exhibit antibacterial properties, but the 
composite consisting of graphene oxide and zinc oxide shows stronger antimicrobial effect against pathogenic 
microorganisms. Stronger antimicrobial effect was found in S.aureus and MRSA as a G+ bacteria and E.coli 
as a G- one, due to different composition of cell wall.  

Keywords: Graphene oxide, antibacterial, antimicrobial, Escherichia coli, Staphylococcus aureus, MRSA 

1. INTRODUCTION  
General increase in the number of resistant microorganisms is a significant global problem, although specific 
patterns vary considerably across countries [1]. The resistant strains of bacteria are rather present in hospital 
facilities, where genetic mutations in bacteria occur due to the long-term administration of antibiotics. This 
phenomenon leads to the expansion of various defensive mechanisms able to inactivate the applied chemical 
substance [2]. Organic compounds used for disinfection aren't suitable due to toxicity to the human body [3]. 
Nanoparticles (NPs) especially have demonstrated broad-spectrum antibacterial properties against both 
Gram+ and Gram− bacteria [4]. Nano-sized ZnO can interact with bacterial surface and/or with the bacterial 
core, by entering the cell, and subsequently exhibiting bactericidal mechanisms [5]. The high antibacterial 
efficiency of graphene oxide (GO) is caused by damage of cell membranes via generation of reactive oxygen 
species and exceptionally sharp edges of graphene oxide [6-8]. The advantages of graphene oxide, enabling 
it to kill or inhibit bacteria, in comparison to other antibacterial materials can be summarized in these three 
specific characteristics: (i) the antibacterial mechanism of graphene oxide is influenced by both, physical 
destruction and chemical oxidation, which decrease bacterial resistance, (ii) graphene oxide has mild 
cytotoxicity to mammalian cells in low dose, and (iii) in comparison to other carbon nanomaterials, its large 
scale production potential, easy processing, and low cost of production, guarantee graphene oxide as a good 
antibacterial agent [6, 9, 10]. GO is continuously demonstrating its excellent membrane characteristics and 
offer huge potential for practice applications. One of the important applications of graphene based membranes 
is bacterial inactivation and removal [11]. The modifications of graphene with antibacterial ZnO nanoparticles 
could render this phenomenon more effective. 

2. MATERIAL AND METHODS 

2.1. Preparation of graphene oxide  

GO was prepared by chemical oxidation of 5.0 g graphite flakes (Sigma-Aldrich, and 100 mesh, ≥75% min) in 
a mixture of concentrated H2SO4 (670 mL, Sigma-Aldrich) and 30.0 g KMnO4 (Sigma-Aldrich) according to the 
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simplified Hummer’s method [12, 13]. The reaction mixture was stirred vigorously. After 4 days, the oxidation 
of graphite was terminated by addition of H2O2 solution (250 mL, 30 wt% in H2O, Sigma-Aldrich). Formed 
graphene oxide was washed 3 times with 1 M HCl (37 wt% in H2O, Sigma-Aldrich) and several times with Milli-
Q water (total volume used 10 L) until constant pH value (3-4) was achieved.  

2.2. Preparation of composite of grapheme oxide with zinc oxide nanoparticles 

1 mL of 1% polyoxyethylene (40) stearate (PES) was mixed with 600 µL GO and zinc oxide nanoparticles 
(Sigma-Aldrich). The obtained solution was rotated for 24 hours. 

2.3. Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FT-IR) spectra were collected using a Nicolet iS10 FT-IR 
spectrometer with a diamond ATR attachment (Thermo Electron Inc., San Jose, USA). IR spectra were 
recorded from 4000 to 650 cm−1 at a resolution of 2 cm−1. Each spectrum was acquired by adding together 
128 interferograms. Spectra were taken at 22 °C. The OMNIC™ software was used for IR spectra recording, 
and the JDXview v0.2 software (Norbert Haider, Department of Drug Synthesis, University of Vienna, Austria) 
was used for further spectra evaluation. 

2.4. Scanning Electron Microscopy 

The structures of the GO with ZnO-NPs composites were characterized by scanning electron microscopy 
(SEM). For documentation of the nanoparticles structure, a MIRA3 LMU (Tescan, Brno, Czech Republic) was 
used. This model is equipped with a high brightness Schottky field emitter for low noise imaging at fast 
scanning rates. The SEM was fitted with In-Beam SE detector. For automated acquisition of selected areas a 
TESCAN proprietary software tool called Image Snapper (Tescan, Brno, Czech Republic) was used. The 
software enabled automatic acquisition of selected areas with defined resolution. An accelerating voltage of 
15 kV gave satisfactory results regarding maximum throughput. 

2.5. Cultivation of bacteria strains 

Staphylococcus aureus (NCTC 8511), Escherichia coli (NCTC 13216) and MRSA (ST239) were obtained from 
the Czech Collection of Microorganisms, Faculty of Science, Masaryk University (Brno, Czech Republic). 
Cultivation media (Mueller Hinton, Oxoid) were inoculated with bacterial culture and were cultivated for 24 h 
on a shaker at 120 rpm[14] and 37 °C. 

2.6. Colony-Forming Capability Test 

Bacterial cultures (E.coli, S.aureus, MRSA) were diluted with MH medium to an absorbance of 0.1 measured 
using a spectrophotometer Ultrospec 10 (Biochrom, Cambridge, United Kingdom) at a wavelength of 600 nm. 
After that cultures were diluted by decimal dilution (to 10−7 cells per millilitre) and incubated at 37 °C for 2 h. 
The pH value of composite was adjusted to 7. After being exposed to different concentrations of composites 
of GO with ZnO-NPs at 37 °C for 2 h. 100 μL of the cell suspension was spread onto MH agar plates. The 
number of the colonies was counted after agar plates were incubated at 37 °C in the dark overnight. The 
survival percentage was used to evaluate the antimicrobial effect of composites of GO with ZnO-NPs and it 
was defined as the following formula: 

Survival% =
Colony numbers of treated bacteria
Colony numbers of control bacteria × 100% 
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3. RESULTS AND DISCUSSION  

3.1. Characterization of composite 

The SEM micrographs (Figure 1) confirmed the preservation of the original structure of the large area, which 
remained maintained in comparison with starting material. This method also enabled determining the degree 
of exfoliation, which is crucial for nanoparticle character. The SEM micrographs also allowed the rating of ZnO 
NPs adhesion to GO-based carrier.  

 
Figure 1 Characterization of composite of GO with ZnO nanoparticles by using SEM 

 
Figure 2 Characterization of composite of GO with ZnO nanoparticles by using FT-IR 
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The characterization of composite of GO with ZnO NPs was further supported with FT-IR spectroscopy  
(Figure 2). The peak at 3350 cm−1 was from the O-H groups due to water remaining in GO. The C=C groups 
peaks were observed at 1629 cm−1. The peak at 1071 cm−1 was attributed to C-OH vibrations of the graphitic 
domains. The peak at 940 cm−1 are assigned to the stretching of C-O. It has been shown that the composite 
of GO with ZnO NPs shared identical peaks with graphene oxide, but a new broad peak was observed at 650 
cm−1 and was attributed to Zn-O vibrations. These vibrations indicate that ZnO particles were anchored to the 
graphene oxide sheets [15]. Complete water removal is impossible because GO absorbs water from the air 
[16-18]. 

3.2. The composites influence on pathogenic microorganisms  

Antibacterial activity of GO and GO with ZnO NPs was determined using colony-forming capability test and 
expressed in terms of the colonies after incubation. GO and composites of GO with ZnO NPs were tested 
based on their antimicrobial effects on S. aureus, MRSA and E. coli strains. Effect of GO and composites of 
GO with ZnO NPs on bacterial strains is shown in Figure 3 Stronger antimicrobial effect was found at G+ 
bacteria. It could by caused by the fact that G− bacteria have an outer membrane situated above a thin layer 
of peptidoglycan. The cell walls of gram-negative bacteria follow a more general structural format than that of 
G+ bacteria, which is strictly adhered [19]. Each experiment was repeated three times. The student t-test was 
used to evaluate statistically significant differences (p < 0.05) between experimental group and control group. 
The null hypothesis that the frequency was not different between different samples was rejected at a value 
less than or equal to 0.05. 

 
Figure 3 Colony-Forming Capability Test  

4. CONCLUSION 

In this study, the composites of GO with zinc oxide NPs were synthetized and characterized by different 
methods and their effect on bacterial strains was tested. The composite showed inhibitory effect on three 
selected bacterial strains (S. aureus; E. coli; MRSA) and the inhibitory effect were stronger than in case of GO 
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itself. It can be said that combination of GO with metal NPs seems like a promising way to fight drug-resistant 
bacteria. 
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Abstract 

We analyzed gene expression changes in the lungs and the immunological response in splenocytes of mice 
exposed by inhalation of ZnO nanoparticles (NP). Adult female ICR mice were treated for three days and three 
months, respectively. Analysis of differential expression in genes involved in oxidative stress was conducted 
using quantitative RT-PCR. The potential immunotoxic and immunomodulatory effects of ZnO NP were 
analyzed by phenotyping and cytokine production by splenocytes after three months exposure. Three days 
exposure resulted in down-regulation of GCLC, GSR, HMOX-1, NQO-1, NF-kB2, PTGS2 and TXNRD1 mRNA 
expression; three months exposure increased the expression of these genes. Three months exposure caused 
a significant decrease in the percentage of granulocytes in the spleen cells, and affected the production of IL-
10 and IL-6 by lipopolysaccharide-stimulated leukocytes. In summary, our study revealed changes in the 
expression of genes involved in the oxidative stress response following acute ZnO NP exposure. Subchronic 
ZnO NP exposure induced immunomodulatory effects in the spleen. 

Keywords: Zinc oxide nanoparticles, inhalation, gene expression, Immune response 

1. INTRODUCTION 

Zinc oxide nanoparticles (ZnO NP) represent a commonly used material with a yearly production over 30000 
tons. Due to their antimicrobial properties ZnO NP are applied in medical and cosmetics products, but they are 
also used as sunscreens, pigments, catalysts and in electronic devices. Skin is the main route of exposure of 
ZnO NP for consumers, while in industrial production workers are also exposed by inhalation. 

The toxic effects of ZnO NP were investigated in both in vivo and in vitro studies (reviewed e.g. in [1,2]). 
Toxicity of ZnO NP was shown to be mostly associated with reactive oxygen species (ROS) generation and 
subsequent induction of oxidative stress. In aqueous solution, ZnO NP produce e.g. hydroxyl radicals, 
superoxide radicals or hydrogen peroxide. ROS interact with cellular membranes and induce lipid peroxidation 
or enter the cells and cause damage to DNA, lipids and proteins. In in vitro cellular models, exposure to ZnO 
NP results in cytotoxicity, increased oxidative stress and cytokine production, as well as genotoxicity measured 
by Comet assay and cytokinesis-blocked micronucleus assay [1]. Results of in vivo tests in animal models that 
are more relevant for evaluation of human risk to ZnO NP exposure depend on the exposure route. In mice, 
target organs for oral exposure include liver, heart, spleen, pancreas and bone [3]. In the respiratory system, 
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administration of ZnO NP resulted in induction of processes associated with immune response and oxidative 
stress. Inhalation of ZnO NP induced inflammation in the lungs of both rats and mice as indicated by an 
increased count of immune cells in bronchoalveolar lavage fluid and changes in the expression of immune 
response-related genes [4-6]. Similar effects were observed in mice following intranasal instillation [7] and in 
Wistar rats after intratracheal instillation of ZnO NP [8-10]. Intrapulmonary spraying of ZnO NP induced 
temporary epithelial hyperplasia of terminal bronchioles and interstitial pneumonitis in rats [11]. 

The toxicity of ZnO NP is caused by the presence of particles, as well as by their ability to dissolve in the lungs. 
It has been reported that the release of Zn2+ ions in cytosol, and their sequestration by mitochondria followed 
by mitochondrial dysfunction and apoptosis, plays an important role in ZnO NP toxicity [12]. The solubility of 
ZnO NP depends on the chemical properties of the solvent: it is lower in RPMI medium and moderately hard 
water than in DMEM medium [13]. After intratracheal instillation into the lungs of rats, ZnO NP remained intact 
at around neutral pH and rapidly dissolved under acidic conditions in the lysosomes causing lysosomal 
destabilization and cell death. Interestingly, no dissolution of ZnO NP was observed in artificial interstitial fluid 
[9]. 

In the present study, we aimed to analyze gene expression changes in mice exposed by inhalation to two 
concentrations of ZnO NP for three days and three months. Furthermore, to study the immunological 
consequences of ZnO NP inhalation, we phenotypically characterized the splenocytes and analyzed cytokine 
production in the spleen of mice exposed to ZnO NP for 3 months. 

2. METHODS 

2.1. Animals 

Adult female ICR mice (about 6 weeks old, average weight 24 g) obtained from the Animal facility of Masaryk 
University (Brno, Czech Republic) were allowed to acclimate to laboratory conditions for at least 1 week before 
the inhalation experiments. Commercial diet and water were provided ad libitum. The experiments were 
approved by the Ethical Board of the Institute of Animal Physiology and Genetics (No. 081/2010; 29 March 
2010). 

2.2. Exposure to ZnO NP 

The inhalation chamber used for ZnO NP exposure has been described elsewhere [14]. Briefly, the chamber 
made of glass and stainless steel contained separate stainless steel inhalation cages (for the control and 
exposed animals). Constant air flow rate, temperature, relative humidity and pressure were kept using the air-
conditioning system. The flow rate ranged between 9.8 and 10.1 L/min, the temperature between 20.2 and 
21.5 °C, relative humidity between 58% and 68%, and the pressure was in the range of 995-1020 hPa. The 
cages were illuminated for 12 h, and kept in the dark for 12 h. The mice (5 animals/ group) in two exposure 
groups were exposed continuously for 3 days and 3 months, using concentrations of 6.46×104 and 1.93×106 
ZnO NP/cm3, respectively; the control group was treated with the purified air alone. At the end of exposure, 
mice were sacrificed by cervical dislocation. Organs (lungs, spleen) were collected for biochemical and 
electron microscopic analyses. Lung tissue was flash-frozen in liquid nitrogen and kept at -80 °C until RNA 
extraction; spleen samples were kept on ice and processed within 4 h. 

2.3. RNA extraction and real-time quantitative PCR 

To extract RNA from lung tissue, the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Hilden, Germany) was 
used. The tissue (200-600 mg) was homogenized under liquid nitrogen and homogenates were transferred to 
tubes containing the lysis buffer provided with the kit. RNA was extracted from the homogenates according to 
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the manufacturer’s instructions and quantified using a Nanodrop ND-1000 Spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA). The integrity of RNA was assessed with an Agilent 2100 Bioanalyzer (Agilent 
Technologies Inc., Santa Clara, CA, USA). An RNA Integrity Number (RIN) ranged from 5.3 to 7.9. Isolated 
RNA was stored at −80 °C until further processing. One microgram of RNA from each sample was used for 
complementary DNA (cDNA) synthesis using the Transcriptor High Fidelity cDNA synthesis Kit (Roche, Basel, 
Switzerland). cDNA synthesis was run using the following conditions: 30 min at 55 °C and 5 min at 85 °C. qRT-
PCR was performed using the 7900HT Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA, 
USA). Cycling conditions were: 2 min at 95° C followed by 40 cycles of amplification (10 s at 95 °C and 60 s 
at 60 °C). Expression levels of target genes were normalized to the reference genes (EIF4A2 and CANX). 
Relative changes in normalized gene levels were calculated using the 2−∆∆Ct method [15]. 

2.4. Flow cytometry characterization of spleen suspensions 

Single cell suspensions prepared from spleens were washed in PBS and incubated for 30 min on ice with the 
following anti-mouse monoclonal antibodies (mAb; all purchased from BioLegend, San Diego, CA, USA): 
allophycocyanine (APC)-labeled anti-CD11b (clone M1/70), fluorescein isothiocyanate (FITC)-labeled anti-
Ly6G/Ly-6C (Gr1) (clone RB6-8C5), phycoerythrin (PE)-labeled anti-CD193 (clone J073E5), FITC-labeled 
anti-CD19 (clone 6D5), APC-labeled anti-CD3 (clone 17A2), Alexa Fluor 700-labeled anti-CD4 (clone GK1.5), 
PE-labeled anti-CD8 (clone 53-6.7). Dead cells were stained using Hoechst 33258 fluorescent dye (Invitrogen, 
Carlsbad, CA, USA) added to the samples 10 min before flow cytometry analysis. Data were collected using 
an LSRII cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo software (LLC, 
Ashland, OR, USA). Fifty thousand events from each sample were measured. 

2.5. Cytokine production 

Single cell suspensions were prepared from spleens of individual mice. The cells (0.6 x 106/ml) were cultured 
in RPMI 1640 medium containing 10% fetal bovine serum (Sigma, St. Louis, MO, USA), antibiotics (penicillin, 
streptomycin), 10 mM Hepes buffer and 5 x 10-5 M 2-mercaptoethanol in 48-well tissue culture plates (Corning 
Inc., Corning, NY, USA), unstimulated or stimulated with 1.0 µg/ml of a T cell mitogen Concanavalin A (ConA; 
Sigma, St. Louis, MO, USA) or 5 µg/ml of a B cell mitogen lipopolysaccharide (LPS; Sigma, St. Louis, MO, 
USA). Supernatants were harvested after a 24-h (IL-2 determination), 48-h (IFN-) or 72-h (IL-6, IL-10) 
incubation period. The production of cytokines was quantified by enzyme-linked immunosorbent assay 
(ELISA). Cytokine-specific capture and detection mAb purchased from PharMingen (San Jose, CA, USA) were 
used for the detection of IL-2 and IL-6; IFN- and IL-10 were measured using ELISA kits purchased from R&D 
Systems (Minneapolis, WN, USA), following the instructions of the manufacturers. The reaction was quantified 
by spectrophotometry using a Sunrise Remote ELISA Reader (Gröding, Austria). 

3. RESULTS AND DISCUSSION 

Inhalation exposure to ZnO NP resulted in changes of expression of genes encoding proteins associated with 
oxidative stress response (GCLC, and GSR, enzymes responsible for glutathione metabolism; HMOX1, a 
protein with anti-inflammatory properties; NQO1, a quinone reductase participating in detoxification reactions; 
PTGS2, a key protein in prostaglandin biosynthesis; TXNRD1, thioredoxin reductase 1) and immune response 
and inflammation (NF-B2) (Figure 1). Three day exposure to the low concentration (6.46×104 NP/cm3) 
resulted in down-regulation of gene expression, while exposure to the high concentration (1.93×106 ZnO 
NP/cm3) had weaker effects mostly resulting in up-regulation of gene expression. On the other hand, three 
month exposure induced expression of all the analyzed genes suggesting induction of processes related to 
oxidative stress and inflammation. 
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Figure 1 Gene expression changes in the lungs of mice treated with two concentrations of ZnO NP for three 

days and three months, respectively. Low - low concentration of ZnO NP (6.46×104 NP/cm3), high - high 
concentration of ZnO NP (1.93×106 ZnO NP/cm3). * denotes significant changes (p<0.05) relative to the 

control 

 

Figure 2 The effect of three months ZnO NP exposure on neutrophils (A) and eosinophils (B) (% of individual 
populations ± SD). * denotes a significant difference relative to the controls (p<0.05) 

Immunological response in spleen following ZnO NP exposure 

In general, no effect of ZnO NP exposure on the proportion of T or B lymphocytes was detected as evident 
from the comparable percentage of CD3+CD4+, CD3+CD8+ and CD19+ cells in fresh splenocytes from 
exposed and control mice. However, we observed a significant decrease in the proportion of eosinophils 
(CD11b+CD193+ cells) and neutrophils (CD11b+Gr1+ cells) in the samples from exposed animals  
(Figure 2A-B). These results suggest that three month exposure to ZnO NP has weak immunomodulatory 
effects on cells of innate (natural) immunity. 

We further studied the production of pro-inflammatory (IL-2, IL-6, IFN-γ) and anti-inflammatory (IL-10) 
cytokines in unstimulated lymphocytes and T and B lymphocytes following ConA and LPS stimulation, 
respectively. While ZnO NP exposure did not significantly affect IL-2 and IFN-γ secretion by Con A-stimulated 
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T cells, the production of IL-10 and IL-6 by LPS-stimulated cells was decreased. This effect of ZnO NP 
inhalation was already observed on the level of spontaneous IL-6 and IL-10 production by unstimulated spleen 
cells (Figure 3A-B). These data indicate that B lymphocytes are more sensitive to ZnO NP exposure, and that 
subchronic inhalation of this nanomaterial might affect antibody production in the exposed mice. 

 

Figure 3 The production of cytokines by unstimulated spleen cells and lipopolysaccharide-stimulated B 
lymphocytes from the spleens of the control and exposed mice. * denotes a significant difference relative to 

the controls (p<0.05) 

4. CONCLUSION 

In our study we aimed to evaluate the biological consequences of acute and subchronic exposure of mice to 
ZnO NP. Our data showed gene expression changes in the lungs, concerning the processes associated with 
oxidative stress, immune response and inflammation after subchronic exposure to ZnO NP. Subchronic 
inhalation of ZnO NP was associated with immunomodulatory effects in the spleen. In summary, exposure to 
ZnO NP by inhalation caused both local and systemic effects in the experimental animals. 
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Abstract 

Military filters introduced in the Army of the Czech Republic are most commonly used when working with 
combat equipment and weapons and in manoeuvring activities in the terrain with the use of explosives or 
chemical warfare agents. During such activities, a large number of pollutants in the form of nanoparticles are 
released. Nanoparticles, irrespective of their chemical composition, are classified as carcinogenic to humans 
and therefore it is necessary to eliminate them from the air. Military filters, especially the combined ones, which 
contain a filtration as well as sorption component, are most widely used and are designed for the widest range 
of pollutants. However, the current methodology to evaluate the effectiveness of military filters does not fix a 
duty to monitor the ability of the filters to capture relevant pollutants across the whole range of sizes. The paper 
evaluates the efficiency of selected types of military filters using the methodology and instrumentation 
introduced in the accredited laboratories of the Institute of Analytical Chemistry of the Academy of Sciences 
of the Czech Republic. The testing has been carried out simultaneously with two concentrations of ultra-fine 
aerosols containing lead oxide nanoparticles ranging in size from 7.6 nm to 299.6 nm. It is an aerosol, the 
physicochemical and toxicological properties of which are known. During the work the basic parameters of 
permeability of aerosols tested by filters have been evaluated, especially: size and number of particles in front 
of and behind the filter, the efficiency and penetration of nanoparticles by the filter. 

Keywords: Nanoparticle, filter, efficiency, health safety 

1. INTRODUCTION 

Airborne particles may be dangerous to human health. Generally, these particles represent an adverse effect 
on the respiratory and cardiovascular system. Many of them occur in the air in the form of nanoparticles and 
rank among human carcinogens of Group 1 reported by the International Agency for Research on Cancer 
(since 2013) [1]. From the medical point of view, the influence of nanoparticles on the pulmonary system is 
particularly important [2]. 

1.1. Military environment 

Ultra-fine particles (UFP, diameter less than 100 nm) are ubiquitous in the workplaces and in the urban 
atmosphere and pose a significant health hazard to humans. Repeated smog situations are monitored when 
the legal limits for airborne dust and selected chemical pollutants in the air are exceeded. Due to the expected 
introduction of specialized nanotechnologies in the armament of the Army of the Czech Republic (ACR), it is 
necessary to be engaged in the UFP monitoring process. Another reason is the fact that military 
nanotechnologies have their own specific features as compared with common industrial nanoproducts, which 
have to be taken into account when estimating their health risks. In the ACR, military explosives and chemical 
warfare agents, emitted into the air in the form of aerosols, rank among the most common threats [3]. This 
applies not only to the training of combat units, but also to the selected workplaces of military units, military 
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repair facilities and workplaces carrying out the delaboration and ecological disposal of ammunition and 
explosives, where the personnel can be exposed to their irradiation. 

1.2. Protective equipment 

Filter respirators are respiratory protective equipment introduced in the ACR. One of their most important parts 
is usually a filter canister, the functional parts of which are stored in a plastic or metal housing. In accordance 
with the CSN EN 132 technical standard [4], the particle filter is a separate filter or is usually a part of combined 
filters that are capable of entrapping dispersed solid and liquid particles, and specified gases and vapours from 
the passing air. There are three classes of particle filters with an increasing efficiency marked from1 to 3. They 
are labelled with the colour code white: P1 to P3. 

Most of modern filters are combined (including anti-particle and anti-gas layers) [5]. Such filters must usually 
comply with a number of technical standards, such as ČSN EN 143 [6], ČSN EN 12942 [7] and ČSN EN 14387 
[8] in the Czech Republic. Until now, the testing of military and fire filters as a protection against the inhalation 
of nanoparticles from the air is not mandatory and, therefore, the effectiveness of these filters against 
nanoparticles has not been confirmed officially. The technical requirements for military means of individual 
protective equipment, military protective masks, names and definitions are set by Czech Defence Standard 
841503 (COS 841503) [9]. 

1.3. Types of filtration 

From the viewpoint of filtration mechanisms, we divide filtration into the surface and depth filtration. The 
principle of surface filtration is the mechanical capture of each particle, which is larger than the space between 
the filter fibres. On the other hand, in depth filtration, more forces are applied simultaneously - Van der Waals 
forces, electrostatic forces and the forces induced by surface tension. The total efficiency of capture of ultra-
fine aerosols (E) [%] is a combination of all capture principles. Share of these principles in the overall efficiency 
varies with the size and shape of each particle, where G1 is the amount of dispersion behind the filter, G2 is 
the total amount of dispersion in front of the filter and the proportion G1 / G2 is the penetration (P) [10]: 

(1) 

For calculation of the permeability coefficient (Kp) [%], the calculation stated in COS 841503 has been 
exploited. In COS 841503, the maximum permissible permeability coefficient of the paraffin oil aerosol in the 
protective filters for universal combined arms masks is set at a maximum level of 0.001 % [9]: 

(2) 

2. MATERIALS AND METHODS 

2.1. Preparation of lead oxide (PbO) nanoparticles 

PbO nanoparticles (PbONP) were generated continuously in situ in a tubular reactor in hot condition using the 
evaporation-oxidation-condensation technique, in which a ceramic crucible containing a small amount of lead 
wire was placed inside a ceramic tube of a vertically oriented furnace (Carbolite TZF 15/50/610, Carbolite 
Limited, UK). The molten portion of lead was vaporized at 830 °C in the centre of the furnace. The metal 
vapours were transferred from the furnace through an inert stream of nitrogen and diluted with an air flow; then 
oxygen oxidized lead to lead oxide. Both flows were set to 3 l / min with Mass Flow Controllers (MFC). The 
lead oxide nanoparticles were diluted in the second step with the air flow (20 l / min) and then passed through 
a filter firmly located in a specially developed sampling device (see Figure 1). During the measurement, the 
aerosol flow rate was set to 95 l / min. 
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Figure 1 Sampling device (Source: own) 

2.2. Characterization of generated PbO nanoparticles and tested filters 

Table 1 Tested filters (Source: own) 

 

Regarding the particle concentration, the nanoparticle distribution was measured directly using the Scanning 
Mobility Particle Sizer (SMPS, model 3936L72, TSI Inc., Shoreview, USA) continuously in the sizes of 7.6 - 
299.6 nm [11]. The nanoparticle measurements were performed using the SMPS before and after passing 
through the filter at two concentrations (the total particle concentration before entering the filter was 
approximately 1.2 x 106 particles·cm-3 and 1.7 x 105 particles·cm-3). The samples were measured four times 
at five-minute intervals (in total the tenth to twenty-fifth minute). The long-term stability of PbONP formation 
was high. The relative standard deviations in the mean particle diameter (i.e. 25.8 nm) and the total particle 
concentration (i.e. 1.2 x 106 particles·cm-3) were 3.9 % and 3.1 %. These values show that both the generation 
of nanoparticles and the measurement of their size distribution using the SMPS were very reproducible. All 
tested filters and their detailed specifications are defined in Table 1. 
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3. RESULTS 

The SMPS measured results with the distinction of 64 channels per decade. These results were evaluated 
using the Aerosol Instrument Manager software that enables exportation values for particular channels of 
normalized particle number concentrations in analysed sample of the air (NCi). NCi is given by the equation, 
where Ci [N·cm-3] is particle number concentration for i-th channel and Di is the diameter of particles measured 
in i-th channel: 

.…………………………………………………………………………..…………………..(3) 

Regarding the decadic logarithms of width of each channel are identical with the distinction of 64 channels per 
decade, therefore, it applies: 

………………………………………………………………….………………………………..…..…..(4) 

On the basis of this equation, values of un-normalized number concentrations from values of normalized 
number concentrations for each channel were calculated. Furthermore, total particle number concentration 
(CN) was calculated, where n means total number of channels: 

……………………………………………………………………………….…………….……………(5) 

3.1. Measured values  

The values of particle concentrations before and after the passage through a particle or combined filter were 
performed at two concentrations, 1.2 x 106 particles·cm-3 and 1.7 x 105 particles·cm-3. For each concentration, 
4 measurements at 5-minute intervals were performed and the average particle concentration was determined. 
Then the concentration values were recalculated to particle penetration through the filter or, if need be, to the 
permeability coefficient Kp. The resulting values measured for individual filters ranging from 7.6 nm to 299.6 
nm are shown in Table 2. 

Table 2 Average permeability coefficient and efficiency of all tested filters [%] (Source: own) 

 

In the basic tactical and technical requirements, very high requirements were set for the permeability coefficient 
of MOF filters [12]. According to ČSN EN 143, the maximum permeability coefficient Kp of the test aerosol of 
paraffin oil and sodium chloride 0.05 % [6] is determined for P3 filters. Similarly, Kp 0.001 % is valid according 
to ČOS 841503 [9] for paraffin oil aerosol penetration, implemented according to CSN EN 14387 [8]. The 
measured Kp for individual filters exceeds this limit on an average about 60 times for a higher particle 
concentration and on an average about 450 times for a lower concentration. The reason is probably the 
modified method, when the aerosol of lead oxide is used for testing as well as the range of measurements 
focused on the area of ultra-fine aerosols. 
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3.2. Filter OF-90 

For the OF-90 combined filter, the Kp value was measured and calculated across the range of performed 
measurements. The highest permeability of the filter was measured for nanoparticle sizes from 50 to 100 nm. 
This can be documented by the values shown in Table 3, Graph 1 and Graph 2. 

Table 3 Acquired results in different size ranges of nanoparticles for filter OF-90 (Source: own) 

 

 
Graph 1 Average permeability of particles in different sizes of particles (Source: own) 

 
Graph 2 Permeability coefficient of PbO nanoparticles in different size ranges of nanoparticles (Source: own) 
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4. CONCLUSION 

Within the experiment described, measuring the filtration efficiency of the antiparticle filters introduced in the 
ACR and in the population protection has been carried out with the use of the ultra-fine aerosol of lead oxides. 
The experiments have been performed in the laboratories of the Institute of Analytical Chemistry of the Czech 
Academy of Sciences. The measurement has been made at two concentrations performed with aerosol particle 
sizes in the range of 7.6 to 299.6 nm. The experiments have shown that with the use of ultra-fine aerosols of 
lead oxides the required maximum permeability coefficients for the test aerosol were exceeded. The reason is 
probably the modified method when an aerosol different from the standard one and the different measuring 
range aimed at the area of ultra-fine aerosols, have been used for the testing. The results of the experiment 
can correspond to the theory of aerosol filtration, when different proportions of surface and depth filtrations 
have been applied. Experiments have shown that the dimensions of the particles, which are most affected by 
this phenomenon, are in the range of 50 to 100 nm. 
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Abstract 

Functionality of body fluids largely depends on their rheological properties. On the other hand, the increased 
of exposure of the organism to environmental nanoparticles, i.e. desert dust or nanoparticles of carbon black 
resulting from fuel combustion in a diesel engine was observed. The research focused on investigating the 
impact of selected nanoparticles (Arizona Dust Nominal 0-3 micron (Powder Technology INC, USA), DEP 
(Diesel Exhaust Particles)) from the combustion of various diesel fuels on the rheological properties of artificial 
mucus. 

In research artificial mucus (2% and 20% concentration of mucin) [Sosnowski et al., 2009] and nanoparticles’ 
suspensions in artificial mucus (0.06 and 6 mg/ml) were prepared and their rheological properties (flow curve, 
viscosity dependence of shear stress, storage modulus and loss modulus) were studied. All rheological 
parameters were measured by an oscillating rheometer (MCR102, Anton Paar, Austria) at temperatures of 
22°C, 36.6°C and 40°C. The size of nanoparticles in water was determined by Malvern Zetasizer. Size 
distribution by number of nanoparticles are 654.3 nm (100%) for fuel 1, 565.9 nm (100%) for fuel 2, 131.1 nm 
and 363.7 nm (13.7%, 86.3% respectively) for Arizona Dust. The influence of nanoparticles on mucus 
rheological properties was observed. The high concentration of nanoparticles increases apparent viscosity 
while the impact of low concentration of nanoparticles on mucus rheology is negligible. On the other hand the 
presence of nanoparticles in mucus does not change mucus viscoelastic properties. The viscous properties 
dominate over elastic properties, both in clean mucus and in mucus with selected nanoparticles. 

Keywords: Mucus, Arizona Dust, diesel exhaust particles, rheology 

1. INTRODUCTION  

In the human body, nasal and bronchial mucus (viscous colloid consists water (93%), lipid (5%), protein (1%) 
and inorganic compound (2%) [1]) has protective function. It protects respiratory system by trapping exogenous 
particles and pathogens. Functionality of mucus depends on their rheological properties. Changes in mucus 
rheology may cause disorder of transport through it. This can have dangerous consequences e.g. influence 
for dose of inhaled drug. Therefore the increased of exposure of the organism to environmental nanoparticles, 
i.e. desert dust or nanoparticles of carbon black resulting from fuel combustion in a diesel engine should be 
examine. The research focused on investigating the impact of selected nanoparticles (Arizona Dust, DEP 
(Diesel Exhaust Particles) on the rheological properties of artificial mucus. 

2. METHODOLOGY 

2.1. Artificial Mucus  

The artificial mucus of 2% and 20% mucin content prepared by the simple procedure proposed by Sosnowski 
et al. [2] was used in the study. It contained only Type II mucin (Sigma Aldrich) [20 - 200 g/l] responsible for 
the appropriate viscosity of the solution and NaN3 (POCH) [0.01 g/l] as a preservative. The ingredients were 
dissolved in ultra-pure water and then placed on 2h (2% mucus) or 20h (20% mucus) on a magnetic stirrer 
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(500 rpm). After this time, the pH of the solution (7.4) was adjusted with HCl and NaOH. The artificial mucus 
was stored at 4°C in a sealed container. 

2.2. Arizona Dust 

Arizona Dust Nominal 0-3 micron (Powder Technology INC, USA) was used in the study as a sample of natural 
nanoparticles. The structure of Arizona Dust was shown in Figure 1. According to the data sheet, the particle 
size of Arizona Dust in water should be 778 nm - 18 μm, d10 = 0.857 μm, d50 = 1,203 μm and d90 = 2,166 μm 
and the composition of Arizona Dust is as follows (ww): SiO2 (68-78%, Al2O3 (10-15%, Fe2O3 (2-5%, CaO  
(2-5%), KCl (2-5%), Na2O (2-4%), MgO (1-2%), TiO2 (0.5-1%). The size of Arizona Dust particle before and 
after sonification (Figure 2) in water was determined with the used of Zetasizer (Malvern, UK). The average 
diameter is 513 nm and 433 nm respectively.  

 
Figure 1 The scanning electron microscopy photo of Arizona Dust 

 

Figure 2 Size distribution by number of Arizona Dust in water before (Arizona Dust) and after sonication 
(Arizona Dust_U) 

2.3. Diesel Exhaust Particles 

Diesel Exhaust Particles (DEP) from the combustion of various fuels (fuel I - VERVA ON (PKN Orlen, min CN 
= 55) and fuel II - Ecodiesel ULTRA (PKN Orlen, min CN = 51)) in diesel engine (Mercedes, 1982, 4 cylinders, 
capacity 2399 cm3) were collected and characterized. The size of particle before (Fuel I, Fuel II) and after 
sonication (Fuel I_U, Fuel II_U) in water was determined with the used of Zetasizer (Malvern. UK) (Figures 3 
and 4). The average diameter is: Fuel I 1548 nm and 321.1 nm, Fuel II 1197 nm and 334.6 nm. The structures 
of DEP are shown in Figures 5 and 6. 
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Figure 3 Size distribution by number of DEP from 
fuel I in water before (Fuel I) and after sonication 

(Fuel I_U) 

Figure 4 Size distribution by number of DEP from 
fuel II in water before (Fuel I) and after sonication 

(Fuel II_U) 

  
Figure 5 The scanning electron microscopy photo DEP from fuel I  

  
Figure 6 The scanning electron microscopy photo DEP from fuel II 

All rheological parameters were measured using the oscillating rheometer (MCR102, Anton Paar, Austria) at 
temperatures of 22°C, 36.6°C and 40°C.  
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3. RESULTS 

3.1. 2% Mucus 

The artificial mucus contains 2% of mucin, both pure and with selected nanoparticles (Arizona Dust, DEP I and 
DEP II) is Newtonian fluid (the dependence of shear rate to shear stress is linear - Figures 7-9). The influence 
of Arizona Dust on mucus’ rheological properties is observed only at 36.6°C (Figure 7). The presence of DEP 
I in mucus (6 mg/ml concentration) increases viscosity of 2% mucus, while the impact of low concentration of 
DEP I on mucus rheology is insignificant especially at 36.6°C and 40°C (Figure 8). The presence of DEP II in 
mucus (6 mg/ml concentration) increases viscosity of 2% mucus at 22°C and 40°C. The impact of low 
concentration of DEP II on mucus rheology at 40°C and both concentration of DEP II at 36.6°C is negligible 
(Figure 9). 

 
Figure 7 Influence of Arizona Dust on viscosity dependence of shear stress and flow curve 

 

Figure 8 Influence of DEP I on viscosity dependence of shear stress and flow curve 

 
Figure 9 Influence of DEP II on viscosity dependence of shear stress and flow curve 
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3.2. 20% Mucus 

The pure artificial mucus contains 20% of mucin and the artificial mucus with addition of nanoparticles is shear-
thinning fluid (Figures 10-12). Arizona Dust increases viscosity of 20% mucus (Figure 10). This effect is 
noticeable at all temperatures. Viscosity of 20% mucus increases with the increase of concentration of DEP I 
and DEP II (Figures 11 and 12). Influence of DEP I is more visible at higher temperature (Figure 11). For 
DEP II, the most significant increase of viscosity was observed at 22°C (Figure 12). The presence of 
nanoparticles in 20% artificial mucus does not change shape of flow curve (Figures 10-12).  

  
Figure 10 Influence of Arizona Dust on viscosity dependence of shear stress and flow curve 

 
Figure 11 Influence of DEP I on viscosity dependence of shear stress and flow curve 

 

Figure 12 Influence of DEP II on viscosity dependence of shear stress and flow curve 
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4. CONCLUSION 

The selected nanoparticles are characterized by wide range of size and tendency to aggregate. The high 
concentration of nanoparticles increases apparent viscosity, while the impact of low concentration of 
nanoparticles on mucus rheology is slight. Therefore, it is necessary to confirm in further experimental if 
differences in viscosity do not arise from measurement errors. The presence of nanoparticles in artificial mucus 
does not change Newtonian fluid into Non-Newtonian fluid (this effect is described in the literature as a result 
of suspension’s formation), which may be due to the low proportion of the dispersed phase in the continuous 
phase.  
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Abstract  

Cells labelled with iron oxide nanoparticles (ION) can be tracked by magnetic resonance imaging (MRI) in 
several applications. However, various studies demonstrated toxicity and oxidative stress induction associated 
with nanoparticles exposure. We analysed biologic effects after the exposure of two types of iron oxide 
nanoparticles (with and without an antioxidative agent; an ascorbic acid) on human neural stem cells. The 
labelled cells in gel phantoms were detected in MRI and they showed decreased relaxation rates in comparison 
with control. ION slightly decreased cell proliferation in comparison with unlabelled cells, which was dependent 
on concentration and presence of ascorbic acid. None of the nanoparticle type showed negative effect on cell 
viability and both demonstrated minor effect on reactive oxygen species (ROS) formation. Unfortunately, 
ascorbic acid bound to nanoparticles did not show any effect on ROS attenuation. Cells exposed to both types 
of nanoparticles showed increased positivity for a phosphorylated form of H2AX a marker of double strand 
breaks. We showed that ION in low concentrations do not affect cell viability, but have negative effect on cells 
on DNA level. Their potential use for oxidative stress reduction is dependent on the concentration of ascorbic 
acid bound to the nanoparticles and this should be further increased.   

Keywords: Neural stem cells, nanoparticles, oxidative stress, ascorbic acid  

1. INTRODUCTION  

Stem cells became lately a promising tool for treatment of various injuries and diseases. To safely introduce 
stem cell therapy into clinical medicine, there is a need to understand the behaviour of transplanted cells and 
monitor the distribution of stem cells in a recipient organism [1]. Non-invasive imaging methods meet this 
requirement, especially magnetic resonance imaging has advantages over other technologies. It has very good 
resolution and it does not use ionizing radiation [2]. To view the cells on MRI, the cells need to be labelled with 
a contrast agent. Superparamagnetic IONs are widely used in experimental medicine, because they enhance 
the image contrast by decreasing the T2 MRI signal. ION core is usually made of magnetite (Fe3O4) or 
maghemite (γ-Fe2O3), and the surface of superparamagnetic core is covered with a compatible coating to 
prevent agglomeration and to enhance biocompatibility [3]. Active molecules can be bound to the coating, 
which is used to tailor the nanoparticle for specific applications; e.g. active targeting [4]. Although IONs can be 
used in a variety of medical applications, such as targeted delivery of drugs or targeted destruction of tumour 
tissue by hyperthermia, exposure to IONs can be associated with significant toxic effects [5]. The toxicity of 
nanomaterials is associated mainly with generation of reactive oxygen species, which can further cause an 
oxidative stress. The latter can lead to the damage of macromolecules (DNA, lipids and proteins) [6]. In this 
study, we used γ-Fe2O3 nanoparticles, surface-modified with glucose and ascorbic acid, which possesses 
antioxidative properties and is an effective scavenger of reactive oxygen species. The effect of aforementioned 
particles on neural stem cells was investigated. 
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2. MATERIALS AND METHODS 

2.1. Preparation and characterization of γ-Fe2O3 nanoparticles  

γ-Fe2O3 nanoparticles were prepared according to the previously developed technique [7] and described in 
detail in Moskvin and Horák [8]. Maghemite nanoparticles were observed by a Tecnai Spirit G2 transmission 
electron microscope (TEM; FEI; Brno, Czech Republic) (Figure 1) Number-average diameter (Dn=ΣDi/N, Di 
is diameter of i-th particle and N is total number of the particles), weight-average diameter (Dw=ΣDi 4/ΣDi 3) 
and polydispersity index (PDI=Dw/Dn) were calculated from at least 300 individual particles on the micrographs 
using Atlas software (Tescan Digital Microscopy Imaging; Brno, Czech Republic). Modification of γ-Fe2O3 
nanoparticle surface was conducted in three steps with (i)SiO2, (ii) 5-(2,2-dimethyl-1,3-dioxolan-4-yl) -2,2- 
dimethyltetrahydrofuro[2,3-d] [1,3] dioxol-6-yl (3-(triethoxysilyl) propyl) carbamate (DFSC), and (iii) ascorbic 
acid (ASA). 

 

Figure 1 TEM micrographs of uncoated γ-Fe2O3 (A) and γ-Fe2O3&SiO2-G-ASA (B) 

2.2. Human foetal neural stem cells  

A conditionally immortalized human foetal neural stem cell line SPC-01 was generated from 8-week-old human 
foetal spinal cord as described previously [9]. Briefly, cells were cultured in laminin coated tissue-culture flasks 
in medium supplemented with human serum albumin (0.03 %), human apo-transferrin  
(100 µg/ml), putrescine DiHCl (16.2 g/ml), human recombinant insulin (5 µg/ml), progesterone (60 ng/ml),  
L-glutamine (2 mM), sodium selenite (40 ng/ml), 4-OHT (100 nM), human EGF (20 ng/ml), human bFGF  
(10 ng/ml) and primocin 100 µg/ml, at 37°C and 5 % CO2 in a humidified atmosphere 

2.3. Cell labelling and proliferation analysis 

Two types of nanoparticles (γ-Fe2O3&SiO2 and γ-Fe2O3&SiO2-G-ASA) were used for labelling of SPC-01, in 
various concentrations (5; 10; 15 or 30 µg Fe /ml in cultivation media) for 72 hours. Cell proliferation was 
monitored using the xCELLigence RTCA Instrument (ACEA Biosciences, USA). In the experiment, 40 000 of 
SPC-01 cells were seeded in the E plate wells coated with laminin. The cell proliferation in the presence of 
different concentrations of both types of nanoparticles was measured over a time period of 72 hours. Viability 
tests were performed with Alamar blue. Labelled or unlabelled SPC-01 cells were plated in 96-well plate 
(25 000 cells per well) and incubated for 24 hours. Before measurement 10 % solution of Alamar blue in 
cultivation medium was added to each well and incubated for 3 hours at 37°C. The fluorescence was measured 
using a Tecan-Spectra ELISA plate reader (Tecan) at 535/595nm. Statistical analyses were performed with t-
test. 
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2.4. Measurement of oxidative stress 

Labelled and unlabelled cells were treated with 15 mM H2O2 at 37°C for 30 min to induce oxidative stress. 
ROS was measured with Cellular Reactive Oxygen Species Detection Assay according to manufacturer 
instructions. To identify double strand brakes, antibody against phosphorylated H2AX was used. Labelled cells 
were washed in phosphate-buffered saline (0.1M PBS), and fixed in 4% paraformaldehyde in PBS for 30 min. 
Fluorescence images were taken with ZEISS AXIO Observer D1 microscope (Carl Zeiss, Weimar, Germany) 
and analysed with Image J program (NIH, USA).  

2.5. MR relaxometry and imaging 

T2 relaxation time of the 4% gel phantoms containing the cells was measured on a Bruker Minispec MQ20 
relaxometer (Bruker, Germany; 20 MHz, 21ºC) using a CPMG sequence with these parameters: 5 s recycle 
delay, 1 ms interpulse delay, 8 scans and 3000 points for fitting as described in detail in Jiráková et al. [10] 
Relaxivity r2 was calculated as inverse relaxation time T2 after deduction of the contribution of gel and 
unlabelled cells and related to cell concentration of the measured sample. T2 weighted images of the 4% gel 
phantoms containing homogenously distributed cells were acquired on a 4.7 T Bruker Biospec scanner using 
a commercial resonator coil (Bruker, Biospin, Germany). A standard 2D rapid acquisition with relaxation 
enhancement (RARE) multispin echo sequence was used with the following parameters: repetition time (TR) 
= 3000 ms, echo time (TE) = 14 ms, spatial resolution = 137 × 137 μm2, slice thickness = 0.5 mm, number of 
acquisitions = 1 and acquisition time = 9 min 36 s). 

3. RESULTS AND DISCUSSION 

3.1. Viability and proliferation 

Cell proliferation was analysed in the presence of both types of nanoparticles: γ-Fe2O3&SiO2 and with γ-
Fe2O3&SiO2-G-ASA for 72 hours. γ-Fe2O3&SiO2 did not have any negative effect on cell proliferation in any 
used concentration (Figure 2a). In comparison, higher concentration 10 and 15 µg Fe/ml of Fe2O3&SiO2-G-
ASA resulted in slightly decreased cell proliferation however the decrease was not significant (Figure 2b). The 
effect of both types of SPION on cell viability was assessed by Alamar Blue. The viability of cells cultivated 
either with γ-Fe2O3&SiO2 or Fe2O3&SiO2-G-ASA were comparable to control unlabelled cells (Figure 3). 

 

Figure 2 Proliferation profile of unlabelled control and labelled SPC-01cells. Proliferation curves of cells 
labelled with different concentrations of γ-Fe2O3&SiO2 and unlabelled control (a) and with γ-Fe2O3&SiO2-G-
ASA and unlabelled control (b). Cell index represents cell viability, number, and morphology and adhesion 

degree. Graphs represent results from three independent experiments ± SEM 
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Figure 3 Viability of labelled cells. Alamar blue assay was performed after 72 hours incubation of SPC-01 
cells with nanoparticles in concentrations 15 µg Fe/ml and 30 µg Fe/ml. The data are related to values of 

control unlabelled cells and are presented as a mean of three independent experiments ± SEM.  
SiO2 - γ-Fe2O3&SiO2; ASA - γ-Fe2O3&SiO2-G-ASA. 

3.2. Measurement of ROS production 

Oxidative stress is one of the most common toxic effect connected with nanoparticles exposure. To monitor 
the levels of oxidative stress, the ROS level was measured in γ-Fe2O3&SiO2 and γ-Fe2O3&SiO2-G-ASA treated 
cells. As a positive control were used cells treated with 15 mM H2O2. Results do not show increased ROS level 
in cells labelled with either of nanoparticle type in comparison with control (Figure 4). The presence of H2O2 

increased the ROS level either in control or in labelled cells. The difference was significant between control 
and labelled cells treated with H2O2 (p ˂ 0.05). Staining for the presence of phosphorylated form of H2AX a 
marker for DNA double strand breaks showed positivity in cells after treatment with H2O2 and in cells labelled 
with both types of nanoparticles (Figure 5). 

 
Figure 4 Production of reactive oxygen species. Oxidative stress was measured in SPC-01 cells treated with 

either γ-Fe2O3&SiO2 (SiO2) or γ-Fe2O3&SiO2-G-ASA (ASA) at concentration 15 µg Fe/ml for 72 hours and 
H2O2 15 mM. Data are presented as mean of relative fluorescence ± SEM. *p ˂ 0.05 (control (black bar)  

vs. SiO2 treated with H2O2) 
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Figure 5 Immunocytochemistry of H2AX in SPC-01. Control unlabelled cells (A) and treated with H2O2 (B), 

cells labelled with γ-Fe2O3&SiO2-G; 15 µg Fe/ml (C), or cells labelled with γ-Fe2O3&SiO2-G-ASA;  
15 µg Fe/ml (D) 

3.3. MR relaxometry and imaging 

To test the detectability by MR imaging, SPC-01 labelled for 72 hours with different concentrations γ-
Fe2O3&SiO2 and γ-Fe2O3&SiO2-G-ASA nanoparticles were immobilized in 4% gelatin phantom. Relaxometry 
of both types of nanoparticles were comparable at concentration 15 µg Fe/ml (Table 1). On the other hand, 
relaxometry revealed approximately twice higher r2 values in γ-Fe2O3&SiO2-G-ASA labelled cells in 
comparison with γ-Fe2O3&SiO2 labelled cells at concentration 30 µg Fe/ml. Labelled cells were detected by 
MR imaging as hypointense spots and data corresponded with relaxometry values (Figure 6). Larger and more 
hypointense area was observed for cells labelled with γ-Fe2O3&SiO2-G-ASA at concentration 30 µg Fe/ml than 
in γ-Fe2O3&SiO2 labelled cells.  

 
Figure 6 MR images of gel phantoms. Gel phantoms without cells (A), containing unlabelled cells (D), or 
SPC-01 labelled with γ-Fe2O3&SiO2-G; 15 µg Fe/ml (B); 30 µg Fe/ml (C) or γ-Fe2O3&SiO2-G-ASA; 15 µg 

Fe/ml (E); 30 µg Fe/ml (F) 
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Table 1 Relaxivity r2 in vitro of labelled cells  

r2[s-1/ mil cells/ml] ± SD 

Nanoparticles 15 Fe [μg/ml] 30 Fe [μg/ml] 

γ-Fe2O3&SiO2 0.28 ± 5.005 0.40 ± 0.010 

Fe2O3&SiO2-G-ASA 0.25 ± 0.005 0.86 ± 0.006 

4. CONCLUSION 

We studied the biological effect of γ-Fe2O3&SiO2 nanoparticles with or without ASA coating on neural stem 
cells. Cell proliferation analysis revealed only minor decrease in proliferation rate of labelled cells. Neither type 
of nanoparticle in any used concentration showed significant negative effect on cell viability or increased ROS 
production in neural stem cells. Negative effect of nanoparticle exposure was revealed on DNA level as 
showed the presence of H2AX. γ-Fe2O3&SiO2 labelling is suitable for MR imaging; the relaxivity rates and 
number of hypointense spots were proportional to used iron concentration. The antioxidative activity of 
nanoparticles would be valuable but needs detailed investigation especially according to effective 
concentration of antioxidant compound.  
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Abstract  

The employers shall ensure adequate safety and health protection of the workers. They are obliged to carry 
out risk assessment and take appropriate measures for risk prevention and control related to all relevant 
workplace hazards. However, sound risk assessment requires reliable comprehensive information on hazard 
(toxicity) and exposure which may not be available for many, especially novel, substances and materials, such 
as nanomaterials (both engineered and accidental). The generally accepted approach used for preliminary risk 
assessment of nanomaterials is Control banding (CB). CB is a pragmatic tool to manage the risk resulting from 
exposure to potentially hazardous substances in the absence of firm toxicological and exposure data. 
Currently, several CB tools have been developed within the international research activities. The aim of this 
study was to review the CB tools that are presently available for qualitative, semi-quantitative or quantitative 
estimation of exposure and risk associated with the manufacture and professional use of nanomaterials. The 
applicability of the various tools was evaluated using two real-life occupational exposure scenarios. 
Furthermore, the positives, negatives (limitations) of these tools, and the recommendation on their usefulness 
in particular industrial sectors were analysed. 

Keywords: Nanomaterials, occupational exposure, risk assessment, control banding tools  

1. INTRODUCTION  

The employers shall ensure adequate safety and health protection of the workers. They are obliged to carry 
out the risk assessment and take appropriate measures for risk prevention and control related to all relevant 
workplace hazards. However, sound risk assessment requires reliable comprehensive information on hazard 
(toxicity) and exposure which may not be available for many, especially novel, substances and materials, such 
as nanomaterials (both engineered and accidental). Engineered nanomaterials (ENMs) are used today in a 
wide range of nanoproducts and applications [1]. 

The immense beneficial potential of ENMs may be threatened by limited understanding of related occupational 
health and safety aspects. Despite the extensive research in the field of nanotoxicology and exposure to ENM, 
knowledge for comprehensive risk assessment and management of ENM is still missing. Some preliminary 
tools were introduced to help at least to predict the potential health risks related to ENM. Among them, control 
banding tools (CB tools), that are already in use for conventional chemicals, were adjusted for ENM. CB tools 
are considered pragmatic tools to manage the risk resulting from exposure to a wide variety of potentially 
hazardous substances in the absence of firm toxicological and exposure information, that is based on 
combining hazard and exposure into control or risk bands [2]. CB tools for ENM can be used as a first approach 
to controlling workplace exposure to ENM. The identification of critical processes is achieved by ranking 
associated risks based mainly on the potential of a substance to cause adverse health effects and the 
probability of being exposed to it. The determination of the level of exposure is therefore extremely important 
to prioritize occupational activities according to potential risk. Since precise exposure modeling is extremely 
complex, most available CB tools rely on simplified approaches which allow describing an exposure situation 
or exposure scenario by choosing a limited set of exposure determinants (e.g. production volume, process 
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category, room volume, level of dustiness, etc). These determinants are then combined with an exposure 
model, which may embed more or less physics, to give a final score allowing assignment of exposure level 
(band) and subsequently the risk level (band). Based on the risk band, some of the CB tools suggest the level 
of basic risk management measures to be applied. Currently, several CB tools have been developed within 
the international research activities. The aim of this study was to review the CB tools that are presently 
available for qualitative, semi-quantitative or quantitative estimation of exposure and risk associated with the 
manufacture and professional use of nanomaterials. The applicability of the various tools was evaluated using 
two real-life occupational exposure scenarios. Furthermore, the positives, negatives (limitations) of these tools 
and the recommendation on their usefulness in particular industrial sectors were analysed. 

2. METHODOLOGY 

The list of actual CB tools was carried out with the focus on the innovated or new tools for modelling of exposure 
to ENM. The research was done using the following key words and their combinations: “control banding”, “tool”, 
“nanomaterial”, “modeling of exposure”, “risk assessment”, “risk management”. The used sources were Web 
of Science, PubMed, and Google. The research was carried out for the period 2000 until 11.3.2017. The 
selection of tools was based on the criterion: applicability for occupational exposure. The selected tools were 
reviewed with the focus on the characteristics of the inputs, their risk management approach, presentation of 
the results (quantitative or qualitative), and description of their limitations. The applicability of the various tools 
was evaluated using two real-life occupational exposure scenarios. Based on these case studies was also 
developed a flowchart as the tool for selection of appropriate CB tool. 

The real-life occupational exposure scenarios were obtained from field studies which were conducted in 
technology that produces composite materials, stiffeners, polyurethane foams, etc. After familiarizing with 
traffic and substances, the following work operations (WO) were selected to measure occupational exposure. 

                          

Figure 1 Mixing manually mixtures for shipbuilding  Figure 2 Mixing the mixture with a stirrer 

The real-life occupational exposure scenarios were (WO 1) - Mixing manually mixtures for shipbuilding, and 
(WO 2) - Mixing the mixture with an electric stirrer. 
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WO1  At the hand-made storage (preparation material), Aerosil 200, Epoxy resin and Dough were hardened. 
The mixture was carefully mixed in a small dish to form a solid paste weighing approx. 200 g. These 
activities are shown in Figure 1. 

WO 2 The mixture of Expancel and Epoxy resin was weighed into the barrel in a large warehouse. The stirrer 
was carefully mixed with the hand stirrer over the closed lid. The mixture gets volume and sometimes it 
is necessary to open the barrel and remove the mass. The resulting product was left in barrels to not 
lose its properties. See Figure 2. 

The materials used in the working operations are Aerosil 200 (Hydrophilic Fumed Silica) and Expancel 461 
DET 40 d25. The form of both material is white solid fine powder. The specifications of both materials are 
described in Table 1.  

Table 1 Specification of materials used in the real-life occupational exposure scenarios 

Properties Aerosil 200 Expancel 

Typical particle diameter 12 nm 35 nm - 55 m 

Specific surface 200 m2/g  25    - 

Physical form Solid/fine powder Solid/fine powder 

Color White White 

3. RESULTS 

It was identified in total 9 CB tools which are applicable for assessment of risk from exposure to nanomaterials. 
The tools are described in the following Table 2. It is described in Table 2 also the approach for risk 
management of the tool, the area where it can be used, and the limitations of the tools.  

Table 2 Specification of materials used in the real-life occupational exposure scenarios assessment 

CB tool Risk management approach Area of use Limitations 

CB Nanotool v 2.0 Separating into the control 
bands: hazard band (evaluation 
of hazard) and band of exposure 
(evaluation of probability) for the 
process. The combination of 
these bands is resulted adequate 
control measures. The 
appropriate risk management 
recommendation. 

Activities in the labs; 
using of small amount of 
materials. 

The hazard information 
asked by the tool are very 
rarely studied. The 
exposure band contains 
limitation number of 
exposure determinants.  

Stoffenmanager 
nano 

Concrete description of: 
nanomaterial and its properties; 
process how material is used; 
description of workplace and 
conditions. Assessment of risks 
and the following plan with risk 
management measures. 

The nanomaterials of 
size up to 100 nm and 
specific surface area 
(nanoparticles, 
agglomerates and 
aggregates). 

If the nanomaterial belongs 
into the group of the 
highest hazard, the risk is 
assessed as high without 
any attention to the level of 
exposure (e.g. fibres)..  
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(continue) 

CB tool Risk management approach Area of use Limitations  

Nanosafer Description of properties of: 
nanomaterial, its bulk form, the 
occupational exposure limit, 
toxicological information etc. 

Description of process - 
conditions of nanomaterial use. 

The qualitative evaluation of 
exposure and recommendation 
of RMMs. 

The workplace handling 
with powder 
nanomaterial and 
accidental 
nanomaterials. 

The hazard is mainly 
assessed based on the 
physical parameters. Just 
for particles. 

ANSES method Qualitative risk assessment 
method. The analysis of 
available hazard information 
about the nanomaterial; 
estimation of emission potential 
of material; set up the action plan 
for decreasing the possible risks, 
and its realization. 

All work places. The limitation in the 
available information about 
the hazard of 
nanomaterial. 

The better orientation in the selection of the appropriate tool (or set of tools), the flowchart was developed for 
supporting the decision making, see Figure 3. This flowchart was used for selection of the tool (tools) for the 
assessment of real-life occupational exposure scenarios.  

 
Figure 3 The flowchart for selection of CB tool (tools) 

The selected tools were CB nanotool, Stoffenmanager nano and ANSES method. The results obtained from 
these tools for two work exposure scenario are presented in the following risk matrix table, Table 3. 

NANOMATERIAL (NM)

BUILT-IN MATRIX DRY AND UNBOUNDDISPERSED IN LIQUID

COULD BE THE 
MATRIX  
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NO

YES

NO 
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DISTURBTION OF 

MATRIX

MECHANICAL 
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MATRIX

ASSUMPTION OF 
LOW EXPOSURE
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HIGH EXPOSURE

RMMs 
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FROM 
SOLUTION AND 
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NO
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AEROSOL 
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NO

YES
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FORM 

CORROSIVE/
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CB NANOTOOL

IS IT FIBER?
YES
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Table 3 Results of risk assessment from CB nanotool, Stoffenmanager and ANSES method presented in risk  
  matrix  

 
Probability 

H
az

ar
d 

 Extremely unlikely  
(0-25) 

Less unlikely  
(26-50) 

Likely  
(51-75) 

Expected 
(76-100) 

Very high  
(76-100)    

WO 2(Stoffenmanager)) 

WO 2(ANSES method) 

High 
(51-75)  

WO 1 (CB nanotool) 

WO 1 (ANSES method) 
WO 2(CB nanotool) 

WO 1(Stoffenmanager) 
 

Medium  
(26-50)     

Low 
(0-25)     

The illustration of results in the matrix table is showing the differences between estimated (qualitatively) risks. 
Based on it, the CB nanotool underestimates the risk in the WO2. The WO1 was assessed by Stoffenmanager 
as “higher” risk compares to the other tools. The reason is that Stoffenmanager is strongly influenced by the 
hazard properties of the nanomaterial without taking into account the level (or possibility) of exposure. 

4. CONCLUSION 

Based on the review were identified CB tools possible to use for risk management of occupational exposure 
to nanomaterials. The flowchart for the specific selection of the tool was created. The tools selected by the 
flowchart undergone the case study of assessment of two different work exposure scenarios. 
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Abstract 

From the perspective of the immune system, nanomaterials (NMs) represent invading agents. Macrophages 
are immune cells residing in all organs and tissues as the first line of defense. Interactions of macrophages 
with NMs can determine the fate of NMs as well as their potential toxic effects. In the present study, we 
compared toxicity of four different types of NMs [NM-100 (TiO2, 110 nm), NM-110 (ZnO, 20 nm), NM-200 (SiO2, 
150 nm) and NM-300K (Ag, 20 nm)], towards THP-1 macrophage-like cells. Cells were incubated with non-
cytotoxic concentrations (1-25 µg/ml) of NMs for 24 hours and microarray technology was used to analyze 
changes in whole-genome expression. Gene expression profiling revealed a substantially different molecular 
response following exposure to diverse NMs. While NM-100 did not exert any significant effect on gene 
expression profile, all other NMs triggered a pro-inflammatory response characterized by an activation of the 
NF-κB transcription factor and induced expression of numerous chemokines and cytokines. NM-110 and NM-
300K further modulated processes such as DNA damage response, oxidative and replication stress as well as 
cell cycle progression and proteasome function. We suppose that genotoxicity of ZnO and Ag NMs leading to 
DNA damage and alternatively to apoptosis in THP-1 macrophages is probably caused by the extensive 
intracellular dissolution of these NPs, as confirmed by TEM imaging. 

Keywords: Nanomaterials, toxicity, THP-1 macrophages, gene expression profiling 

1. INTRODUCTION 

Nanomaterials (NMs) represent foreign objects for the body. As such, they are recognized and processed by 
immune cells, especially those involved in the innate (non-specific) immune response. Macrophages, as 
professional phagocytes, represent a crucial component of the innate immunity. In general, macrophages are 
the first line of defense against invading agents, including NMs. Interactions of NMs with macrophages may 
determine the fate of NMs (e.g. by initiating NM clearance) as well as toxic effects of NMs (e.g. by triggering 
inflammation and reactive oxygen species production). As antigen presenting cells, macrophages may also 
affect the specific immune response. Therefore, macrophages are among the target cells for studying NM 
toxicity, however, the molecular mechanisms underlying macrophage-mediated toxicity of NMs have not been 
fully understood yet. 

In the present study, we used four NM samples of the different chemical composition obtained from Joint 
Research Centre (JRC) Nanomaterials Repository. The JRC repository represents a reliable source of 
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reference NMs with detail characterization provided to partners of EU projects. In this study, we compared 
effects of soluble ZnO and Ag nanoparticles (NM-110 and NM-300K, respectively), and non-soluble TiO2 and 
SiO2 nanoparticles (NM-100 and NM-200, respectively). 

To get insight into molecular events triggered by NMs in macrophages, we analyzed changes in whole-genome 
expression in THP-1-derived macrophage-like cells exposed to various types of NMs using microarrays. 
Observed changes can be used to elucidate NM-specific modes of action and mechanisms of potential toxicity. 
Changes detected on the transcriptional level may serve as predictors of cell and tissue toxicity induced by 
NM exposure [1]. 

2. METHODS 

2.1. Nanomaterials 

Four different types of NMs, NM100 (TiO2), NM110 (ZnO), NM200 (SiO2) and NM300K (Ag), were  
obtained from the European Commission Joint Research Centre (JRC) nanomaterials repository 
(http://ihcp.jrc.ec.europa.eu/our_activities/nanotechnology/nanomaterials-repository). A physico-chemical 
characterization of the NMs is reproduced in Table 1. NM dispersions were prepared in sterile-filtered water 
supplemented with 0.05% bovine serum albumin by sonication (16 min, 10% amplitude using a 400 W, 20 kHz 
Branson Sonifier S-450D (Branson Ultrasonics Corp.) equipped with a 13 mm disruptor horn. Immediately 
before exposure, sonicated dispersions were diluted in cell culture media (RPMI supplemented with 10% heat 
inactivated fetal bovine serum) to the required concentrations. 

Table 1 NMs characteristics (as provided by the supplier) 

 
Chemical 
composition 

Crystalinity 
(XRD) 

Average diameter ± 
SD (TEM) [nm] 

Shape (prevailing) 
(TEM) 

Specific 
surface (BET) 
[m2/g] 

NM-100 TiO2 anatase 190 ± 6 spherical/elipsoidal 10 

NM-110 ZnO zincite 150 (SEM) hexagonal/cubic 12 

NM-200 SiO2 
amorphous 
silica 50 ±51 spherical/elipsoidal 189 

NM-300K Ag metallic silver 17±3 spherical NA 

2.2. Transmission electron microscopy  

The intracellular distribution of NMs was analysed in ultrathin sections of resin-embedded cells using 
transmission electron microscopy (FEI Morgagni 268 equipped with Olympus Mega View III Digital Camera). 

2.3. Cytotoxicity 

Cytotoxicity was assessed using MTS assay (Promega) according to the recommended procedure to estimate 
toxic doses of all NMs. Results were expressed as the percentage of viable cells relative to unexposed controls. 
Non-cytotoxic doses 10, 15 and 25 µg/ml were selected for gene expression profiling. Due to the increased 
cytotoxicity of NM-300K, an additional non-cytotoxic dose 1 µg/ml of this NM was applied.  

2.4. Gene expression analysis 

RNA from samples was extracted (NucleoSpin RNA II, Macherey-Nagel), processed (In vitro transcription, 
Illumina), labeled with fluorescent dye and hybridized onto HumanHT-12 v4 Expression Beadchips (Illumina) 
to analyze gene expression (scanning of fluorescence intensities were carried out by iScan, Illumina). All steps 
were performed according to manufacturer’s recommendations. 
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2.5. Statistical analysis 

Raw data were summarized by GenomeStudio software (Illumina) and further processed in R statistical 
environment using a Limma package. Differential gene expression analysis revealed significantly upregulated 
(↑) and downregulated (↓) genes meeting criteria for significance (adjusted p-value < 0.01 and absolute fold 
change > 1.5). Pathway analysis was performed using gene set enrichment analysis 
(https://toppgene.cchmc.org/). 

3. RESULTS 

3.1. NM uptake 

TEM imaging confirmed internalization of NM-100 and NM-200 by THP-1 cells and their localization in cell 
vesicles, such as phagosomes, lysosomes and endosomes (Figure 1A and 1C). NM-110 particles were not 
detected inside cells (Figure 1B). Upon NM-300K uptake, structures were found inside the cells, that might 
represent partly dissolved NMs (Figure 1D).  

 
 
 
 
 
 

 

Figure 1 Cellular uptake. TEM images of THP-1 cells exposed 24h to 25 µg/ml of: A) NM-100 B) NM-110 C) 
NM-200 and D) NM-300K. White squares represent intracellular localization of NMs. Bar 10 µm 

3.2. Cytotoxicity 

No tested dose of NM-100 exhibited any effect on cell viability. On contrary, doses 50 and 100 µg/ml of all the 
other NMs (NM-110, NM-200 and NM-300K) significantly reduced cell viability. Decrease of cell viability was 
also observed for the dose 25 µg/ml of NM-300K. 

3.3. Gene expression profiling 

3.3.1. NM-100 

No statistically significant changes in gene expression were detected under the given criteria. 

3.3.2. NM-110  

The lower concentration of NM-110 (10 µg/ml) induced expression of numerous metallothioneins (MT1M↑, 
MT1E↑, MT1F↑), cysteine-rich proteins that bind metals. Upregulation of SLC30A1↑, a specific exporter of ions 
further indicates an excretion of xenobiotic metals. Incubation of THP-1 cells with a higher dose of NM-110 (25 
µg/ml) resulted in a high number of mostly upregulated genes involved in regulation of cell cycle, synthesis of 
DNA, pro-inflammatory response, base excision/nucleotide excision/mismatch repair, replication stress 
response and p53 signaling. Upregulation of genes encoding mini-chromosome maintenance proteins (MCM 
complex) as well as other genes such as POLA1↑, POLE2↑, PCNA↑, GINS2↑, and a variety of cyclins and 
cyclin-dependent kinases strongly suggest stimulated replication and cell cycle phase transition (G1/S, G2/M). 
Activation of checkpoints (MAD2L1↑, WEE1↑, CHEK1↑) to control cell cycle progression and proteasome-
ubiquitination system (PSMA6↑, PSMB8↑, PSMB10↑) was also detected. Another class of modulated genes 

A B D 
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refers to an enhanced repair capability (LIG1↑, FEN1↑, EXO1↑, POLD4↓) and replication stress response 
(RFC3↑, RFC4↑, RPA3↑) probably elicited due to an increased rate of DNA synthesis. Activation of the p53 
signaling pathway (SIAH1↑, GADD45B↑, IGFBP3↑) indicates a DNA damage response and cancer prevention 
alternatively leading to apoptosis. Elevated expression of FOS↑, JUN↑ and EGR1↑ is typical for immediated-
early stress response regulating expression of various genes through MAPK signaling cascade. Immune 
response was characterized by upregulation of key component of NF-κB protein complex (NFKB1↑) 
consequently controlling transcription of various genes, increased expression of numerous chemokines and 
cytokines (CCL2↑, CCL3↑, CCL5↑, CXCL6↑, CXCL12↑, CCL3L3↑, TNF↑, ICAM1↑, IL1B↑, IL8↑) or suppressed 
interferon alpha/beta signaling (IFITM3↓, MX1↓, STAT2↓, HLA-B↓, IRF8↓) 

3.3.3. NM-300K 

Both lower concentrations of NM-300K (1 and 10 µg/ml) induced expression of metallothioneins and other 
genes contributing to metal binding and excretion (MT1E↑, MT1F↑, MT1G↑, MT1X↑, HMOX1↑, SLC30A1↑) 
while the dose 10 µg/ml itself additionally activated genes involved in Keap-Nrf2-mediated response to 
oxidative stress (HMOX1↑, GCLM↑) and other rapidly activated stress sensors associated with ATF-2 
transcription network (ATF3↑, DUSP1↑, IL8↑). Besides increased expression of metallothioneins, the dose 15 
µg/ml modulated transcription of numerous chemokines and chemokine receptors such as CCR2↓, CCL2↑, 
CCL3L1↑, CCRL2↑, CXCL16↑, CCL3L3↓, CX3CR1↑ or IL8↑. Alterations in metabolism of selenoproteins which 
are effective in reducing oxidative stress and antioxidant defense were further detected (TXN↑, TXNRD↑1, 
CCL2↑, KYNU↑, SEPW1↑, LDLR, PRDX1↑, SOD1↑, SOD2↑). Expression of various chemokine and other 
peptide ligands binding receptors (CCR2↓, CCRL2↑, EDNRB↑, CX3CR1↓) as well as several proteasomal 
components involved in protein degradation (PSMA3↑, PSMB8↓, PSMD12↓, PSMD6↑, POMP↑, PSMD14↑) 
were also affected. Strongly elevated expression of genes encoding proteasomal proteins was also evident 
upon the exposure to the highest dose (25 µg/ml) and contributed to the modulation of various pathways. 
Besides the activation of proteasomal complex, degradation of cell cycle proteins or regulation of mitotic cell 
cycle and apoptosis, these genes were also involved in G1/S DNA damage response, checkpoint trigger and 
p53 stabilization (together with CDKN1A↑) or in processing of soluble antigens destined for cross presentation 
by endosomes. Numerous genes related to mitosis were downregulated while others were upregulated 
suggesting inhibition of mitosis (CDKN1A↑, CENPA↓, CENPF↓, TYMS↓, KIF23↓, KIF2C↓, CDCA8↓, CCNA2↓, 
KIF20A↓, LMNB1↓, CCNB2↓, CDC25B↓, TOP2A↓, PCM↓1, DCTN3↓), regulation of DNA accessibility 
(HIST2H2AA3↑, HIST1H2BK↑) or stress response (HSP90AA1↑). Enhanced expression of cytokines and 
chemokines (CCL2↑, CCL3L1↑, CCL20↑, ICAM1↑, CCL3L3↑, IL1B↑, IL8↑, IL15↑) as well as other affected 
genes contributing to iron uptake and transport (HMOX1↑, ATP6V1D↑, ATP6V1H↑, ATP6V0E2↑, ATP6V1A↑, 
ATP6V1C1↑, ATP6V0B↑), Toll-like receptor signaling (TLR8↑, CCL3L1↑, FOS↑, CCL4L2↑, CCL3L3↑, 
IFNAR2↑, TBK1↑, IL1B↑, IL8↑, IRAK1↑, IRF5↑, STAT1↑, JUN↑, NFKBIA↑, CD86↑), activation of NF-κB 
(NFKBIA↑, RELB↑), activation of AP-1 signaling (FOS↑, JUN↑) or oxidative stress response and antioxidant 
defense (HMOX1↑, TXNRD1↑,  MGST1↑, FOS↑, SOD01↑, SOD2↑, NQO1↑, GPX1↑, GSR↑) were also 
identified. 

3.3.4. NM-200 

Various cellular signaling pathways (insulin, PI3K-Akt, FoxO family, mTOR, IL-6 or FSH signaling) as well as 
ion channels transport and glucocorticoid receptor regulatory network were affected due to the upregulation of 
multifunctional serum- and glucocorticoid-induced kinase 1 (SGK1↑) following exposure to the lower dose of 
NM-200 (10 µg/ml). The hHigher dose of NM-200 (25 µg/ml) induced expression of various cytokines and 
chemokines (CXCL10↑, CXCL16↑, CCL20↑, CCL3L3↑, IL8↑, CCL4L2↑, ITGAL↓) contributing to inflammation 
mediated by cytokine and chemokine signaling, Toll-like receptor signaling or local acute inflammatory 
response. We further identified activation of NF-κB and TNFR2 signaling (TRAF1↑, PLAU↑, TNFAIP3↑, 
CCL4L2↑, IL8↑, CXCL10↑, CCL20↑) and ATF-2 transcription factor network (PLAU↑, ATF3↑, IL8↑). 
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4. DISCUSSION 

In the present study, we compared transcriptional changes following exposure to four NMs with different 
physicochemical properties in human macrophage-like THP-1 cells. After 24h exposure we observed 
internalized NM-100, NM-200 and NM-300K but not NM-110 nanoparticles. We suppose that these 
nanoparticles might be rapidly dissolved following cellular uptake, however also NM-300K nanoparticles were 
partly dissolved and probably released intracellularly toxic ions as supported by gene expression data. The 
lower concentration of both NM-110 and NM-300K induced expression of metallothioneins and solute carrier 
proteins indicating an effective detoxification and excretion of dissolved Zn2+/Ag+ ions [2]. Higher doses of NM-
110 and NM-300K resulted in modulation of various other processes. We found enhanced expression of genes 
encoding proteasomal proteins. The proteasome is abundant in cells and regulates the majority of cellular 
processes. Metal NMs has been identified as modulators of proteasome activity thus posing a toxicity concern 
[3]. The dose 25 µg/ml NM-300K further elicited transcription of genes involved in oxidative stress response 
and antioxidant defense and also in G1/S checkpoint activation, p53 stabilization and inhibition of mitosis 
strongly suggesting DNA damage response signaling. Excessive ROS production and consequent DNA 
damage have been proposed as an important mechanism of toxicity of numerous NMs [4, 5]. On the other 
hand, THP-1 cells upon NM-110 exposure exhibited transcriptional changes related to increased replication 
rate, activation of checkpoints, induction of mini-chromosome maintenance protein-coding genes, replication 
stress response and enhanced repair capability. This possibly indicates DNA damage involving impairment of 
DNA replication and loss of chromosomal stability [6]. Numerous studies have evidenced a toxic effect of NMs 
related to the immune system. NMs toxicity was intimately linked to oxidative stress and induction of 
inflammation through release of inflammatory cytokines. Metallic NMs are widely known to exert their toxicity 
through the induction of ROS [7]. The NMs-induced increase in ROS levels could lead to activation of NF-κB 
family transcription factors, critical regulators of multiple biological functions. NF-κB transcription factors are 
responsible for induction of pro-inflammatory gene expression leading to the synthesis of inflammatory 
cytokines such as IL-6, IL-1β and TNF-α, chemokines (IL-8), adhesion molecules, growth factors and enzymes 
[8]. Although we observed activation of NF-κB and enhanced expression of various chemokines and cytokines 
by all toxic NMs (NM-110, NM-200 and NM-300K), a diversity in immune responses was also detected. NM-
200 induced expression of genes involved in TNFR2 signaling indicating regulation of a number of critical cell 
functions including cell proliferation, survival, differentiation, and apoptosis through modulation of NF-κB [9]. 
NM-300K activated genes associated with Toll-like receptors, key pattern recognition molecules that initiate 
downstream signaling events [10], or genes related to interferon-alpha/beta signaling which has been linked 
to NF-κB activation and promotion of cell survival [11]. In contrary, NM-110 suppressed expression of genes 
participating in IFN alpha/beta signaling possibly suggesting an opposing effect on NF-κB function and 
consequent cell fate. 

5. CONCLUSIONS 

We found diverse gene expression profiles induced by various NMs indicating the distinct mechanism of 
toxicity in THP-1 macrophage-like cells. A dose-response toxic effects were exerted by all NMs excepting NM-
100 whose threshold toxic dose was probably much higher than all the tested doses. While the lower doses of 
toxic NMs activated mostly excretion- and detoxification-related genes, the higher doses activated stress 
response and cellular damage indicating exceeded detoxification capacity. Genotoxicity was characteristic for 
NM-300K and NM-110, both metal containing NMs which undergo an intracellular dissolution thus causing 
DNA damage, interference with DNA synthesis and activation of stress response related to disruption of normal 
cell cycle progress. Importantly, a “Trojan horse” mechanism of metallic NMs including endocytosis-driven 
cellular uptake followed by lysosome degradation and ion release which is harmful to the intracellular 
environment has been proposed [12]. NM-300K further triggered strong antioxidant response suggesting the 
increased formation of ROS while NM-110 rather induced replication stress response indicating different 
mechanism of DNA damage. Pro-inflammatory response characterized by a widely recognized toxic 
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mechanism of NMs, was identically modulated by NM-110, NM-200 and NM-300K. Overall, our toxicogenomic 
approach combining gene expression profiling and physicochemical characterization of NMs may help to 
elucidate their toxic mechanisms and contribute to risk assessment.  
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Abstract  

The present article deals with the problematic of so called green synthesis of iron oxide nanoparticles. The 
iron oxide nanoparticles can be used e.g. for catalysators and gas sensors or in MRI. The green synthesis is 
an innovative environmental friendly method which uses exclusively natural raw materials to obtain desired 
compounds. Fe(NO3)3.9H2O was used as iron oxide precursor and red onion peel extract, green tea leaves 
extract and starch solution were chosen as precipitating agents in the present work. The shape, size and phase 
of resulting particles were investigated using scanning electron microscope and Raman spectroscopy. 
Through the green synthesis two different allotropic modifications of iron oxide nanoparticles were obtained. 
The use of starch and red onion peel extract led to formation of hematite while green tea leaves caused 
formation of mixture of hematite + maghemite. The average size of obtained hematite nanoparticles prepared 
using starch solution was (30 ± 10) nm. The size of bean-shaped hematite nanoparticles prepared by using 
red onion peel extras was (130 ± 40) nm length and (70 ± 20) nm width. The mixture size of hematite 
+ maghemite was measured on (100 ± 20) nm length and (60 ± 10) nm width. 

Keywords: Iron oxide, Nanoparticle, structure, natural extracts, tea leaves, onion peel, starch 

1. INTRODUCTION  

Iron oxides nanoparticles (NPs) were intensively studied in various research areas. It is mainly because these 
nanoparticles can be used in many different branches, such as removal of cadmium from aqueous  
solution [1]. Iron oxides are also important as gas sensors and catalysators [2]. Another area with promising 
potential for application is medicine. Iron oxide particles may be used as drug delivery system, biosensors [3] 
or for contrast enhancement in magnetic resonance imaging (MRI) [4]. 

There is a plenty of different methods enabling preparation of iron oxide nanoparticles. Very common method 
is simple hydrazine reduction [4]. Experiments showed, that ethylene glycol is also suitable reactant for 
preparation of iron oxide nanoparticles [6]. However, natural extracts, such as tangerine extract [1], or 
polysaccharides, such as starch [7], are used for synthesis. The most important benefit of green synthesis 
method lays in the low cost of extracts or other natural products and because of satisfying results. In our 
experiments were used green tea and onion peel extracts. Along with these extracts, starch was also tested.  

2. PARTICLE PREPARATION 

In the beginning, NPs were prepared according to following methods: 

Onion peel extract 

Firstly, 60 g of red onion peel was cut into small pieces. These pieces were boiled in 600 ml of distilled water 
for 2.5 hours. After cooling to room temperature, the final amount of extract was filtered. 

1 g of ferric nitrate hexahydrate was dissolved in 10 ml of distilled water. 20 ml of onion peel extract were 
added to the solution. After vigorous stirring for 2 hours, the colour of solution was brighter. 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

686 

Green tea leaves extract 

The tea leaves extract was prepared by 20 min of boiling of 10 g pure green tea leaves in 250 ml water. 
Resulting dark green extract was subsequently filtered to remove any impurities.  

1 g of ferric nitrate nonahydrate was dissolved in 10 ml of distilled water and mixed with 10 g of tea leaves 
extract. The resulting solution was warmed up to 60 °C and stirred until water evaporation.  

Starch 

1 g of starch and 20 ml of distilled water were stirred at 60 °C until the solution wasn’t transparent. 
Subsequently, solution of 1 g of ferric nitrate nonahydrate was added to the starch solution. After vigorous 
stirring, concentrated ammonia was added.  

Heat treatment 

The resulting products from all reactions were put into aluminium oxide crucibles and heat treated according 
to Figure 1. The temperatures were elected with respect to reactions observed through TGA (Figure 2). At 
approx. 185 °C occurred a stormy chemical reaction, thus slower heating ratio was elected around this 
temperature. The observed mass decrease between 250 to 400 °C corresponds to evaporation of residual 
organic compound. At higher temperature took place stabilization of the obtained product. 

The morphology and chemical composition of final products were analysed using UHR-SEM Zeiss Ultra Plus 
equipped with an energy-dispersive X-ray spectrometer Oxford X-Max for local chemical analysis. The particle 
size was evaluated using image analysis in NIS Elements SW.  

The Raman spectra were recorded by DXR Raman Microscope (Thermo Scientific, USA) with 532 nm laser, 
Hi-Res grating 1800 lines/mm in spectral range 1850-50 cm-1 and objective Olympus LMPlanFL 50x. It was 
used 50 µm slit spectrograph aperture, level of laser power was 0.2 mW with 5 sec exposure time and 20 
exposures. 

TGA Q500 (TA Instruments, USA) was used for thermogravimetric (TG) analysis. The TG curve was recorded 
in reactive atmosphere of synthetic air with platinum pan and thermal ramp 10 °C per min from room 
temperature to 800 °C. 

 

Figure 1 A graph showing the course of dried powder heat treatment. 
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Figure 2 A graph taken from TGA analysis showing the dependence of sample mass on the temperature 

3. RESULTS AND DISSCUSSION 

3.1. Iron oxide nanoparticles made using onion peel extract 

The onion peel extract was selected due to a high concentration on dyes presented in the peel. These dyes 
form complexes with iron ions and thus keep this ion more stable to higher temperature causing formation of 
huge amount of fine-sized precipitates and limits their tendency to coarse. The structure of resulting 
nanopowder is shown in Figure 3. The powder is composed of bean-shaped particles with average size  
(130 ± 40, 70 ± 20) nm. It is obvious, that the structure of sample is grooved, so it would be possible to 
disintegrate bigger structures to smaller ones, e.g. by the use of ultrasonic treatment. It can be suggested that 
the size of obtained particles is dependent of dyes concentration and thus further study for the dependence of 
concentration is necessary.   

3.2. Iron oxide nanoparticles made using starch 

The starch solution contains shorter chains of glucose, because of the hydrolysis of bonds between glucose 
units. It can be supposed that the iron ions are bonded through hydroxyl groups forming complexes which act 
similarly as was described previously. The resulting fine nanoparticles, with average size 30 ± 10 are in clusters 
with a crust on the top, as we can see in Figure 4.  

3.3. Iron oxide nanoparticles made using tea leaves extract 

Tea leaves contain high amount of polyphenolic dyes, especially quercetin. The final dry nanopowder is 
composed of bean shaped particles, with average length of 100 ± 20 nm and average width 60 ± 10 nm. The 
size and shape distribution is very homogenous as visible from Figure 5. 

3.4. Phase identification 

The phases present in the nanopowders were identified using Raman spectroscopy. An example of obtained 
spectra is shown in Figure 6. There are compared spectra of particles synthetized using tea leaves extract 
(red) and onion extract (cyan blue) and hematite (purple) as reference spectrum. It is clearly visible that the 
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red line (green tea leaves extract) reports some peak difference compared to hematite. Peaks at 719, 456 and 
368 cm-1 refers to maghemite phase. It is obvious, that the powder is not pure maghemite, but it is the mixture 
of maghemite and hematite. The formation of maghemite phase could be explained through the presence of 
quercetin in the green tea leaves. The quercetin is able to reduce Fe3+ to Fe2+ (green tea is well known as an 
antioxidant). 

 
Figure 3 Iron oxide nanoparticles prepared with onion peel extract. Also, these particles are in cluster, which 

are strongly grooved 

 
Figure 4 Iron oxide nanoparticles synthetized using starch 
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Figure 5 Bean shaped iron oxide nanoparticles, prepared using green tea leaves extract 

 
Figure 6 The spectrum obtained from Raman spectroscopy 

Table 1 Measured particle size and phase of iron oxide for different green extracts 

 Average particle size Phase 

Onion peel 130 ± 40, 70 ± 20 Hematite 

Tea leaves 100 ± 20, 60 ± 10 Maghemite + Hematite 

Starch 30 ± 10 Hematite 

The macro image of resulting products using different “green” extracts is shown in Figure 7. We can observe, 
that the products differ slightly in their colour. 
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Figure 7 Macroimage of resulting products obtained by the reaction of green substance + Fe(NO3)3.9H2O. 
Used green substances were: A) Starch; B) Green tea leaves extract; C) Onion peel extract 

4. CONCLUSION 

Green synthesis was successfully used for preparation of well-defined iron oxide nanoparticles. The smallest 
particles were obtained using starch solution. The synthesis with the use of onion peel extract and green tea 
leaves extract resulted with bean shaped iron oxide nanoparticles.  

It is possible to synthetize maghemite (paramagnetic phase) using only green tea leaves extract. Despite the 
initial success, further research is necessary to study the reaction and the influence of type of tea, tea extract 
concentration etc. to the final product. 

Hematite was synthetized using both, starch and red onion peel extract. Despite, onion peel is waste material, 
which is usually used only for composting, the result was truly satisfying. Iron oxide nanoparticles were well 
homogenous, composed from clusters, which are strongly grooved. This opens a possibility to try to use some 
disintegration methods to destroy massive structures to small pieces. Particles, prepared using starch reports 
structures with a crust on the top of the clusters. That is a difference, compared to the extracts.  

To end up with, following research is necessary. It is obvious, that green synthesis is a promising way how to 
synthetize nanoparticles in the future. It is way, how to prepare well defined low cost nanoparticles with a 
minimum amount of pollution and zero toxic waste.  
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Abstract 

Nanosilver, in the form of colloidal silver, has been used for many years. In recent years, the development of 
efficient green chemistry methods for the synthesis of metal nanoparticles by organisms has become a major 
focus of researchers. The different forms of nanoparticles prepared by green synthesis using plants are 
dependent on the structure as well as the potential reactions of molecules present in plant extracts. These 
forms of nanoparticles can exhibit antibacterial activity to any bacterial strain. The surface of silver 
nanoparticles (AgNPs) prepared by green synthesis using plants is modified with polyphenols, terpenoids and 
flavonoids that increase their antibacterial activity. Five types of AgNPs using inorganic synthesis as well as 
five types of AgNPs using green synthesis were successfully prepared. The AgNPs generated by inorganic 
synthesis differed in various concentrations of reducing agent (NaBH4, gallic acid). In addition, the AgNPs 
prepared by green synthesis are easily identified according to the plant extract entering into the synthetic 
reactions. Extracts of C. sinensis (green tea 1 and 2), T. erecta (Marigold), H. perforatum (St.John’s wort) and 
A. cepa (onion) were utilised for the green synthesis. Green synthesized AgNPs had a higher ability for 
quenching of radicals. Antibacterial activity of AgNPs was determined on bacterial cultures S. aureus and ‘E. 
coli. AgNPs synthesized using green tea showed the highest antibacterial activity which was for S. aureus 96 
% and for E. coli 95 %. The changes in bacterial biochemical parameters were also determined. AgNPs 
synthesized using St. John’s wort caused the highest numbers of biochemical changes (9 cases) in 
comparison with control. Changes in bacterial biochemical parameters due to effect of AgNPs is a significant 
discovery which will be worth of further investigation. 

Keywords: Nanosilver, antibacterial activity, Staphylococcus aureus, Escherichia coli 

1. INTRODUCTION     

Utilization of nanoparticles is widespread in various industrial fields [1]. Nanotechnology and its utilization as 
a potential antimicrobial component plays a significant role against harmful pathogenic bacteria which received 
the resistance to current antibiotic agents by their own evolution. Nanosilver, in the form of colloidal silver, has 
been used for many years. The significant increase of hospital infections’ resistance combined with the failure 
of an effective therapeutic outcome on antibiotics brings a health problem as well as an increment in mortality 
[2]. Various types of materials have been prepared and tested for their antimicrobial effect [3-5]. In recent 
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years, the development of efficient green chemistry methods for the synthesis of metal nanoparticles by 
organisms has become a major focus of researchers. Among these organisms plants seem to be the best 
candidates as they are suitable for large-scale biosynthesis of nanoparticles [6]. Nanoparticles produced by 
plants are more biologically active. Nanosilver can be found in a huge variety of different forms and sizes. The 
forms are dependent on the structure and potential reactions of molecules present in plant extracts in the case 
of green synthesis [7]. The green synthesis of silver nanoparticles (AgNPs) begins after incubation of the silver 
ions with plant extract. The process of reduction of silver ions takes place in the presence of phytochemicals 
(terpenoids, phenols, flavonoids, alkaloids, amino acids, vitamins and polysaccharides) [8]. Surfaces of AgNPs 
synthesized by green synthesis are modified with a coating derived from phytochemicals, so they are 
biologically active and exhibit increased antimicrobial activity [9]. In our study we used inorganic and organic 
“green” synthesis [7] where five types of inorganic and five types of green synthesized AgNPs were prepared 
and their antibacterial properties were compared.  

2. MATERIAL AND METHODS   

2.1. Nanoparticle synthesis 

Synthesis of AgNPs A, C, E and I: 0.1 M AgNO3 was mixed with distilled water. Then, 1650 μL of 1% tri-sodium 
citrate was added dropwise. Subsequently, four different types of nanoparticles were synthesised using 20 mM 
NaBH4 for (AgNPs A) or 10 mL of 15 mM NaBH4 for (AgNPs I), 10 mL of 10 mM NaBH4 for (AgNPs C) and 10 
mL of 5 mM NaBH4 for (AgNPs E). Those amounts were added and the solution was stirred for 1 hour to colour 
change to yellow which indicated the particle formation. Synthesis of AgNPs B, D, F, H and J: 2 g of green tea 
1 (AgNPs B) or green tea 2 (AgNPs D) or St John's wort (AgNPs F) or Marigold (AgNPs H) or onion (AgNPs 
J) was dipped in distilled water. The solution was heated, cooled and filtered. The filtrate was obtained as a 
reducing agent. Synthesis of AgNPs G: 0.001 M AgNO3 was mixed with 10 mL of gallic acid (1 mg/mL) and 
the solution was stirred for 1 hour until the color changed to yellow.  

2.2. Characterization of nanoparticles 

The absorbance spectra of nanoparticles were recorded within the range from 350 to 700 nm using an UV-
3100PC UV-VIS spectrophotometer (VWR, Germany). The average nanoparticles’ size and size distribution 
were determined by quasielastic laser light scattering with a Malvern Zetasizer (NANO-ZS, Malvern 
Instruments, Worcestershire, UK). Nanoparticle distilled water solution of 1.5 mL (1 mg/mL) was put into a 
polystyrene latex cell to measure the following properties such as: detector angle 173°, wavelength 633 nm, 
refractive index 0.30, real refractive index 1.59, and temperature 25 °C. 

2.3. Antioxidant properties of nanoparticles 

The DPPH test is based on the ability of the stable 2, 2-diphenyl-1-picrylhydrazyl free radical to react with 
hydrogen donors [4]. The ABTS radical method is one of the most employed assays for the determination of 
free radicals concentration. It is based on the neutralization of a radical-cation arising from the one-electron 
oxidation of the synthetic chromophore 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS): ABTS•- 
e- ABTS•+ [10].   

2.4. Determination of antibacterial properties 

To investigate the antimicrobial effect of AgNPs the absorbance was measured using Tecan Infinite 200 PRO 
(TECAN, Switzerland). In the microplate S. aureus and E. coli was mixed with AgNPs. The concentrations of 
AgNPs samples A - G were: 0, 1.25, 10, 40 and 160 μM and from samples H and I were 0, 0.065, 0.52, 2.1 
and 8.3 mM [18]. The STAPHYtest16 was utilised to determine the utilized substrates. 
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3. RESULTS 

3.1. Characterization of nanoparticles 

The AgNPs were characterized by absorbance spectra (Figures 1, A, B, C, D, E, F, G, H, I, J-a) with an 
absorption maxima ranged from 270 nm (AgNPs B) (Figure 1B-a) to 405 nm (AgNPs I) (Figure 1I-a). The 
nanoparticles size and the zeta potential were also characterized. Figure 1A - J-b shows, that the 
nanoparticles size of AgNPs A, B, C, E (Figures 1A, B, C, E-b) was found to be 55 ± 3 nm. The zeta potentials 
of AgNPs A, B, C, D, E, F, G, H, I, J-b was -19 mV. Figure 1A - J-c [11] illustrates the relevant images of the 
nanoparticles in different solutions. 

 
Figure 1 Characterization of synthesized silver nanoparticles (A - AgNPs A, B - AgNPs B, C - AgNPs C, D - 
AgNPs D, E - AgNPs E, F - AgNPs F, G - AgNPs G, H - AgNPs H, I - AgNPs I, J - AgNPs J) by absorption 

spectra (A - J-a). The nanoparticles size distribution measurements were performed by Zetasizer. Measuring 
conditions were: detector angle 173°, wavelength 633 nm, refractive index 0.30, a real refractive index 1.59, 
and a temperature 25 °C (A - J-b). The relevant characteristic images of the nanoparticles in solutions are 

shown in the pictures marked with c. 

3.2. Antioxidant and antibacterial activity of nanoparticles 

Percentage expression of the quenching of ABTS or DPPH radicals by AgNPs prepared by inorganic synthesis 
is shown in Figure 2A and by the AgNPs prepared by green synthesis in Figure 2B. Nanoparticles prepared 
by green synthesis showed greater efficiency in quenching of radicals. This effect was most evident by the 
DPPH method. Figure 2 C depicts the application of AgNPs prepared by inorganic synthesis on bacterial 
strains S. aureus and E. Coli. It shows that the AgNPs E was the most effective inhibitor of E. coli (95% 
inhibition effect) whereas AgNPs G exhibits 74% inhibition of S. aureus growth. AgNPs B illustrates the highest 
and the most incomprehensible inhibitory effect of all prepared nanoparticles showed with an inhibition of 96 
and 95 % for S. aureus and E. coli, respectively (Figure 2D). The AgNPs F, H, J inhibited gram-negative E. 
coli with higher effect than gram-positive S. aureus. The most potent inhibitory effect was given by AgNPs B 
which were prepared  using extract from green tea 1.  
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Figure 2 Percentage expression of the ability to quench ABTS or DPPH radicals by AgNPs prepared by 
inorganic (A), and green synthesis (B). Percentage of inhibitory effect of AgNPs on bacterial strains S. 

aureus and E. coli using AgNPs prepared by inorganic synthesis (C) and by green synthesis (D). Inhibitory 
effect 0% represents control value and 100% represents total inhibition of bacterial growth. 

3.3. Biochemical changes of S. aureus after incubation with selected AgNPs 

AgNPs with an average inhibition effect for testing changes in biochemical parameters of S. aureus were 
selected. The AgNPs B and H inhibited S. aureus growth totally, therefore, we focused on nanoparticles with 
partial inhibition of bacterial growth which were AgNPs J, G, F, C, A. Figure 3A illustrates biochemical test 
with S. aureus and with selected AgNPs. S. aureus without nanoparticles was used as a control test. S. aureus 
culture used for biochemical test was diluted to absorbance value 0.1. Figure 3B depicts the biochemical tests 
in individual well position. The most numerous biochemical changes occurred after an application of AgNPs F 
(synthesized using St John's wort extract) to S. aureus. The changes occurred in all cases except for 
phosphatase, esculin, β-glucuronidase, β-galactosidase, ornithine, urease and xylose metabolism. Figure 3C 
shows different values of absorbance of individual tests over the time 0, 4, 8, 12, 16 and 20 hours. The 
increasing or decreasing trend for AgNPs F was the most obvious. Silver nanoparticles synthesized using St 
John’s wort caused the highest numbers of biochemical changes (9 cases) in comparison to control. 
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Figure 3 The changes in biochemical parameters of S. aureus after AgNPs (8 mM) addition were observed 

by STAPHYtest 16. A) 16 well microplates with S. aureus control and S. aureus incubated with 8 mM AgNPs 
J (onion extract), G (gallic acid), F (St John's wort extract), C (10 mM NaBH4) and A (20 mM NaBH4); B) List 

of biochemical tests with different substrates for bacteria in individual well positions; C) Biochemical 
reactions observed by intensity of colour change (absorbance value). 

4. CONCLUSION 

This study compared the antimicrobial activity of silver nanoparticles prepared by green synthesis and 
inorganic synthesis. Silver nanoparticles prepared by green synthesis showed higher antimicrobial activity as 
well as higher ability for quenching of free radicals. Silver nanoparticles synthesized using St John's wort 
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caused the highest number of changes in bacterial biochemical parameters. Silver nanoparticles, which were 
prepared by green synthesis, appear to be potent biogenic nanoparticles with antimicrobial activity due to the 
modification of their surface by phytochemicals. 
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Abstract  

Currently, the issue of nanoparticles is a very dynamic and developing scientific research area. Their positives 
are indisputable, as proven by a number of scientific papers and studies. On the other hand only a very small 
part of the overall research on nanoparticles pays attention to their possible negative consequences, especially 
from the point of view health risks. In many sectors of human activity (industry, energy, etc.), nanoparticles are 
released into the environment. The same is true in transport, especially in case of combustion of fossil fuels 
with all their negative consequences on the human organism. This paper presents the results of nanoparticle 
concentration measurement in traffic-loaded urban area. It includes continuously evaluated data 
measurements from different periods and different times in relation to traffic intensity at the monitored area. 
The results of the nanoparticle content readings confirmed the increased concentration of nanoparticles in 
relation to traffic intensity. 

Keywords: Urban area, traffic, monitoring, concentration, nanoparticles 

1. INTRODUCTION  

The traffic is a significant source of aerosol particles in urban areas. It is necessary to work towards reducing 
exposure to these particles to assure the protection of public health and environment. Aerosol particles exist 
in different sizes which can have a multitude of different effects on human health. Particles are usually 
monitored in different fractions (Figure 1). During this monitoring, two different measuring techniques were 
used with the aim to cover the spectrum of aerosol particles (ultra fine particles <100 nm to particulate matters 
<1000 nm). Monitoring of these particles has been chosen due to the fact that the traffic is currently the biggest 
source of these particles in big cities [1, 2]. Most often measurements are taken at traffic intersections, 
especially signalized ones, as they are the pollution hot-spots of urban areas. But, as mentioned in the study 
of [3], it is necessary to take into account knowledge about fundamental drivers governing emission, dispersion 
and exposure to vehicle-emitted nanoparticles at traffic intersections. The combustion engines are most often 
used in motor vehicles and mobile work machines. These engines are source of emitted particles from one to 
hundreds of nanometers in size, and their activity is considerably close to the population. It is necessary to 
mention that the origin of these traffic-related particles is not only the combustion processes, but also the non-
combustion processes. During the braking process, particles from 20 nm size are produced [4]. The emitted 
particles have significant influence on human health as a fraction of them is respirable, inhalable and good at 
passing through the membranes. Expert research has proven that exposure to nanoparticles is associated 
with multiple adverse cardiovascular effects and is also connected to affecting pre-existing cardiovascular 
disease [5]. Experimental measurements [6] lead to conclusion that respiratory diseases may be also be 
related to traffic emissions containing nanoparticles. Also, even a short exposure of healthy people to traffic-
emitted nanoparticles can cause reduction in brain plasticity [7]. The influence of traffic at the signal traffic 
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intersections on the content of aerosol particles is monitoring, as is mentioned in expert studies [8, 9] especially 
on the fixed monitoring sites around traffic intersections.  

       
Figure 1 Nanoparticles detected at the traffic intersection in Brno (CHMI) 

The continuous monitoring in the Czech Republic is carried out by the Czech Hydrometeorological Institute 
(CHMI) in selected locations. The paper presents results from the nanoparticle concentration monitoring in 
urban areas with high traffic density. The location was selected as it has been identified as a CHMI hot spot. 
With the aim to monitor the air concentration of nanoparticles, the monitoring was supported by the DiSCmini 
(Testo, Ltd.) device, which is able to measure fractions lower than 100 nm. Based on the use of both devices 
it was possible to monitor concentration of ultra fine particles approximately in the range of 7 to 1000 nm. 

2. METHODOLOGY AND MATERIALS 

       a) b) c) 

       

Figure 2 Monitoring a) locality and instruments b) FIDAS®200/200S, c) DiSCmini 

Monitoring has been performed by FIDAS®200/200S (PALAS, Ltd.), which is capable of real-time monitoring 
particles from 172 nm, as well as PM2,5 and PM10 particles. Sizes in the range of 172 - 1000 nm were selected 
for the monitoring and evaluation. This measuring device was equipped with sensors for monitoring of 
meteorological conditions (temperature, and humidity) as shown on Figure 2. The FIDAS®200/200S is a 
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stationary device and has been used by CHMI since 2015 for continual aerosol particle monitoring at locations 
with high traffic density in selected urban areas including Brno (Figure 2). Monitoring was supported with the 
measuring device DiSCmini (Testo, Ltd.) which is able to real-time monitor of number of particles and also 
average size of particles in range from 10 to 700 nm (Figure 2). The DiSCmini is a mobile, personal device. 
This instrument was chosen to allow a range extension of particle sizes and a more detailed monitoring. With 
regard to the purpose of this device (mobile device for short time monitoring), it was used for monitoring in the 
time interval from 15:00 to 18:00 h. In addition of those instruments, the traffic intensity on the intersection 
Údolní and Úvoz street in Brno city (Figure 3) during the rush hour from 15:30 to 16:30 h. has also been taken 
into account. The experimental interval was from 15:00 to 18:00 to allow the possibility of monitoring the particle 
range before and after rush hour. 

3. RESULTS 

a)  b)   

    
Figure 3 Traffic intersection a) meteorological conditions, b) traffic intensity  

a)       b) 

  
Figure 4 Average number of particles of individual a) concentration and fraction b) (per 3 hours) 

The results of nanoparticle concentration development on the location with a high traffic intensity show that 
there is an increase in volume and a certain correlation to the traffic density. It’s necessary to take into account 
that the concentration of these air particles is also dependent on different types of vehicles, especially for 
vehicles with specific technical issues, e.g. dismantled filters. The results of the monitoring on the intersection 
of Údolní and Úvoz street in Brno show the increase of nanoparticles, especially during the beginning of the 
rush hour from 15:30 pm, when there were on average 140 to 160 motor vehicles present every 10 minutes 
(Figure 3). With the increase of traffic intensity particle size has also increased, which is probably caused by 
resuspension. It could be also affected by the season or dispersion conditions. This is closely connected with 
typical characterization with these ultra fine particles. During the beginning of rush hour at 15:30, particles in 
the range of 213 to 229 nm have been monitored by the FIDAS®200/200S instrument (Figure 4). For 
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demonstration of the increase and decrease of nanoparticles concentration, all day interval was also monitored 
(Figure 5) and Figure 6 depicts the average number of particles of individual fractions from the continual 
monitoring. There is an obvious increase not only during rush hours but also in dependence on the heating 
season. The results show that during day interval and especially during rush hours, ultra-fine particles 
concentrations are higher but the increase continues after the rush hour.  

 
Figure 5 Avarage number of particles of individual fraction (per 24 hours) 

 
Figure 6 Average number of particles of individual fractions (January - Septembre, 2017) 

The particles monitored by DiSCmini showed the increase of particle concentration during the monitoring 
interval with the average size of 42 - 43 nm. For comparison of these locations with high traffic density a 
background location inside the courtyard was chosen. The results show the dependence on the distance from 
the source of nanoparticles from traffic. At the background locality the average volume and number of particles 
was obviously lower, which confirms the dependence of the volume of particles on the distance from the source 
(Figure 7). The particles of this size are able to get into the pulmonary alveoli and could have a negative 
impact on human health (Figure 8), as has been declared by experts and their research [3]. 
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a)   b) 

      
Figure 7 Size and quantity of particles in time a) traffic intersection, b) background locality 

 
Figure 8 Lung deposited surface area 

a)                                                                        b) 

   
Figure 9 Particles denendence a) DiSCmini, b) FIDAS®200/200S  

From dependence of particle concentration on the motor vehicles number (Figure 9) is appreciable the positive 
correlation (r= 0.3982), statistically significant at the level alpha = 0.05. Even when there’s an obvious dominant 
influence of the traffic intensity, another influence like air temperature and humidity, type of engine (diesel/ 
petrol), motor vehicles speed (in case of traffic congestion deteriorative particle dispersion) or meteorological 
conditions also have an important role, how is demonstrate on Figure 10. 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

703 

a)                                                                    b) 

    

Figure 10 Particles denendence FIDAS®200/200S on temperature (a) and humidity (b) 

4. CONCLUSION 

Results of this study indicate the importance of nanoparticle monitoring. The increase of ultra-fine particles 
concentration with the traffic intensity is obvious from the correlation. However, it is important to take into 
account all other possible influential elements such as meteorological conditions, long-distance particle 
transport, other combustion devices or technical state of motor vehicles. Although these can have influence 
on the nanoparticles concentration, it can’t be neglected that traffic is a significant source of air pollution. Due 
to this fact it is important to continue with further research and focus on this area, especially from the point 
of view of preventing and protecting the population’s health and environment.  
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Abstract  

Vehicular traffic is connected with large volume of fine particles released during brake processes of cars. Our 
research is focused on the phase, structure and chemical analysis of the fine particles taken from some car 
brake parts by their services. The information on structure and phase composition was obtained by X-Ray 
Powder Diffraction, Mössbauer Spectroscopy, scanning electron microscopy with EDX and transmission 
electron microscopy. The results of the wear debris analysis are compared with original brake materials 
components. Most of recognized particles are based mainly on iron oxides. Wear brake particles are discussed 
in the relation to the potential risk to the environment and human health. 

Keywords: Nanoparticles, wear debris, environment 

INTRODUCTION  

Vehicular traffic is a great source of environmental pollution. The origins of pollution are exhaust of fuels, 
abrasions of roads, wear of tyre and last but not least wear of brakes. Today’s friction materials have been 
consisting of various additives which composition, particle size and distribution strongly affects the properties 
of brake materials. Wear particles are created during the friction process, when the brake lining (pads or shoes) 
is pressed against a rotating counterpart (rotor or drum) made of gray cast iron. It was determined that 30-
50 % of the brake lining mass loss pass to the airborne emissions. Brake wear emission factor is estimated for 
in range between 2.5 and 8 mg km−1 for one light duty vehicles depending on brake pad type. [1,2] Brake wear 
particles usually have the characteristic volume of distribution with two peaks maxima between 2 - 6μm and 
around 300nm. [2,3,4] However, brake wear particles of all sizes threaten environment and human health. 
Fine brake wear particles with diameter bellow 2.5μm can be easily inhaled into the respiratory tract where 
posing hazards related to potential oxidative stress, inflammation and bronchi asthma. [5,6] Wear emissions 
are the major source of some metals. The most commonly mentioned key tracers of brake wear are Cu, Sb, 
Ba and Fe. [2] 

1. MATERIALS AND METHODS  

Samples of wear debris were taken from two different cars with brake pads (P) and drum brakes (D).The drum 
brake lining (DL) was used as reference material. The characterization of wear debris involves the analysis of 
the microstructure, morphology, phase composition and chemical composition of these wear particles. For 
these purposes the methods involving X-ray diffraction (XRD), scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), both microscopy techniques being integrated with energy dispersive 
X- ray spectroscopy (EDX) and Mössbauer Spectroscopy, were applied. 
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2. RESULTS AND DISSCUSION 

2.1. Microscopy and X-ray diffraction analysis  

Scanning electron microscopy of collected wear particles showed some large particles, fine particles in large 
quantities and large agglomerates of particles. These agglomerates consist of sub-micron and micron-sized 
particles in a variety of shapes. The wear debris size comparison showed that particles from brake pads 
including a little bit larger particles than wear debris from drum (Figure 1). The energy dispersive X-ray (EDX) 
analysis of particles, with size form sub-micron to few-micron, found high concentration of iron, oxygen, carbon. 
The both of samples of wear particles contain various another elements. In sample P has been also observed 
copper, silicon, aluminum and tin. Sample D contained more zinc, calcium, magnesium, and less silicon than 
sample P. However, the largest amounts of particles were iron oxides.  

TEM, HRTEM, and EDX methods were used for exploration of the finest fractions of wear debris from sample 
D. TEM patterns (Figure 2) showed two cluster types - clusters of NPs embedded in carbon structures (as a 
matrix), and carbon clusters without visible NPs. Phase analysis of NPs, taken by electron diffraction method, 
revealed magnetite/maghemite phase. HRTEM analyses of carbon structures showed a certain degree of 
crystallographic arrangement with interplanar distance approximately 3.3 Ǻ and with curving of these planes 
in various radii. 

Significant amount of iron oxides in samples of wear debris has been also shown by XRD measurements. 
(Table 1) Large concentration of iron oxides discovered on sample P and D correspond with observation of 
Sanders [7], when iron is the most represent element on airborne wear debris from low metallic, semi-metallic 
and non-asbestos organic brakes. Low concentration of iron in the brake shoes (sample DL) indicates that 
next source of iron and / or iron oxides are brake drum. Sanders [7] made a separate measurement of the 
material lost from the rotors and linings. It shows that 60% of the wear debris comes from the rotor and 40% 
comes from the lining, when low metallic linings are used. Material used for low metallic system contains 
abrasives. Semimetallic and NAO lining produce 90% and 70% of wear particles. Most research projects are 
mainly focused on the wear of friction materials, but the role of the cast iron disc in sliding wear of the 
automotive braking system is not widely investigated. [8] 

Figure 1 SEM images of wear particles from brake pads (sample P - left) and drum brakes  
(sample D - right) in the same magnification 
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Size distribution and chemical composition of wear particles also correspond with composition of used lining 
materials. One of the most likely explanations of the particle size of wear is that the size of the individual 
components in the lining material is the same or greater. Original drum lining material (DL) partly consists 
particles larger than 200μm (carbon, iron fiber, periclase (MgO), calcite (CaCO3) and Si/Al oxide) and other 
ingredients with a diameter of particles around 2.5μm. 

Table 1 XRD results   

Sample  α- iron Hematite 

(Fe2O3) 

Magnetite 

(Fe3O4)  

Quartz  

(SiO2) 

Graphite Periclase 

(MgO) 

Calcite 

(CaCO3) 

Zincite 

(ZnO) 

P  13 29 48 10     

D (debris) 7  30  34 3 2 23 

DL  7    44 22 25 2 

2.2. Mössbauer spectroscopy  

The transmission 57Fe Mössbauer spectra were collected using a standard Mössbauer spectrometer in a 
constant acceleration mode with a 57Co (Rh) radioactive source. A pure α-Fe foil was used as a calibration 
standard for the velocity scale. The spectra were measured at room temperature. Spectra analysis yields the 
relative contents I of individual Fe-bearing phases in atomic fraction of iron I and corresponding hyperfine 
parameters of phases: isomer shift (IS), quadrupole shift and quadrupole splitting QS, and hyperfine induction 
Bhf. The spectra are shown in Figure 3 and results of the analysis are collected in Tables 2 and 3. 

Table 2 Results of the analysis of the sample D 

Component I [a.f.] IS [mm/s] QS [mm/s] Bhf [T] 

S1 0.06 ± 0.01 0.015 ± 0.005 -0.01 ± 0.05 33.0 ± 0.1 

S2 0.01 ± 0.01 0.083 ± 0.005 -0.15 ± 0.05 30.4 ± 0.2 

S3 0.16 ± 0.01 0.319 ± 0.005 -0.06 ± 0.05 23.9 ± 0.1 

D1 0.77 ± 0.01 0.363 ± 0.002 0.70 ± 0.01  

Figure 2 TEM images 2 types of clusters - carbon clusters rich on NPs (1) and carbon clusters without 
visible NPs ( 2). Right - detail of NPs. 

1 

2 
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Table 3 Results of the analysis of the spectrum for sample P 

Component I [a.f.] IS [mm/s] QS [mm/s] Bhf [T] 

S1 0.04 ± 0.01 0.328 ± 0.005 -0.09 ± 0.05 48.4 ± 0.2 

S2 0.03 ± 0.01 0.297 ± 0.005 -0.24 ± 0.05 44.2 ± 0.2 

S3 0.02 ± 0.01 0.839 ± 0.005 -0.34 ± 0.05 44.4 ± 0.2 

S4 0.10 ± 0.01 -0.077 ± 0.002 0.09 ± 0.01 32.8 ± 0.1 

S5 0.06 ± 0.01 0.091 ± 0.005 0.08 ± 0.02 19.3 ± 0.1 

S6 0.41 ± 0.01 0.426 ± 0.012 -0.50 ± 0.08 29.2 ± 0.4 

D1 0.34 ± 0.01 0.363 ± 0.002 0.86 ± 0.01  

 
Figure 3 Mossbauer spectra of the P (top) and D (below) samples 

The result of the P spectrum exhibits presence of the following phases: (i) iron oxides particles with sextets 
S1, S2, and S3, (ii) iron ferrite S4, (iii) iron carbides S5, (iv) nanocrystalline iron oxide and hydrooxides 
represented by the component S6, and (v) superparamagnetic iron oxide D1. In the spectrum of D sample iron 
ferrite component S1+S2, nanocrystalline iron oxide and hydrooxides represented by the component S3, and 
superparamagnetic iron oxide as the doublet D1. 

2.3. Magnetic measurements  

Magnetic measurements were carried out using Physical Property Measurement System EverCool II (2 - 
400 K; 0 - 9 T) with vibrating sample magnetometer. Temperature dependences of the magnetic moment were 
investigated in a temperature range 2 - 300 K. To measure temperature dependence of magnetic moment in 
zero field cooling regime (ZFC) the specimens were first cooled down to 2 K without an assistance of external 
field. Subsequently, the magnetic moment of the sample was recorded during the heating up to 300 K using a 
heating rate of 1 K/min in external field 100 Oe and the moment was recorded. The field cooling (FC) 
dependences of magnetic moment on temperature were measured by cooling from 300 K to 2 K by cooling 
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rate 1 K/min. The hysteresis loops - magnetic moment vs. magnetic field were measured at 2 K and 300 K 
while varying the external field between ±1 T. The results are shown in Figure 4 and Figure 5. 

The results of magnetic measurements indicate presence of superparamagnetic particles in both samples 
(Figure 4 and Figure 5). The maximum of the ZFC curve of the sample P corresponds to blocking temperature 
about 175 K. The shape of the ZFC curve results from broad distribution of particle sizes. Similarly, the ZFC 
curve of the sample D exhibits broad maximum and blocking temperature about 90 K. The increase in coercive 
force on hysteresis loops of both samples measured at 2 K in comparison with the 300 K loops are results of 
blocked superparamagnetic (fine) particles.  

  

  

Figure 4 ZFC - FC curves (top) and hysteresis curves of the sample P( left) and D (right) 

3. CONCLUSION 

The analysis of brake pad and drum brake debris clearly indicate character of fine particles and/ or 
nanoparticles based emitted in the air by car traffic. The phase composition of these particles is based on 
chemical and phase composition of brake discs/drum and lining materials but also new phases appear during 
braking. 

Two different samples of wear debris were analyzed. Sample P, originate from brake pads, consisted of 
particles hematite, magnetite, iron carbide, alpha-iron, nanocrystalline iron oxide and hydrooxides and 
superparamagnetic iron oxide in broad distribution of particle sizes as was shown by XRD and MS analyzes 
and magnetic measurements. 
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On the other hand, sample D, originate from drum brake, indicated presence of only magnetite together with 
nanocrystalline iron oxide and hydrooxides and superparamagnetic iron oxide in the form of fine particles. 
Detail analysis of this sample by TEM showed presence of two types of carbon clusters - rich on NPs and 
without visible NPs. From the point of view of the health impact, it is probably good for us, that the smallest 
particles in nanometer size are captured in a matrix that increases their volume. Particles with size below 
2.5μm come to alveoli and particle with diameter in nm to bloodstream together with gases. [9] 
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Abstract  

Friction associated with wear, representing non-combustion processes in traffic can pose a problem for the 
human health, mainly in terms of exposure to solid particles. During braking, substantial amounts of micron 
and sub-micron metal based particles are released into the environment. The aim of this pilot study was to 
evaluate whether these particles could reach the human body via respiratory exposure even when respiratory 
protective equipment is used. In this study, workers were exposed to resuspended dust particles for one hour 
during automotive brake dynamometer maintenance (particle removal and machine cleaning). The particles 
deposited in the dynamometer were generated during the laboratory tests of the friction performance of brakes 
using different types of friction composites. Throughout the course of the work, workers wore respiratory 
protective equipment to prevent particulates from entering the respiratory tract. These protective devices are 
being used in accordance with EN 140:1998 guidelines for protection against fine dust, water and oil-based 
liquid aerosols, viruses, bacteria, spores, organic and acid gases, vapors and ozone. A sample of saliva for 
the detection of trapped particles was analysed using scanning electron microscopy and Raman 
microspectroscopy. Quantification of these captured particles was performed by inductively coupled plasma 
atomic emission spectrometer and inductively coupled plasma mass spectrometer. The results show that in 
the saliva of the workers, particles/agglomerates of metal particles in micron and submicron dimensions were 
present, with the majority of Al, Fe, Ba, Zn, Cu, Sn, and Bi, which were present in the saliva of the workers 
even after an hour from the exposure to the wear particles despite wearing respiratory protective equipment. 

Keywords: Respiratory protective equipment, metal based particles, Raman microspectroscopy, scanning  
        electron microscopy, atomic emission spectrometry 

1. INTRODUCTION 

Materials for automotive friction brake pads generally consist of four main groups of components: binders, 
reinforcing agents, fillers, and friction modifiers (lubricants and abrasives). The binders hold the other 
components together and make up 20-40% of the brake linings. They are mainly phenol-formaldehyde resins. 
Reinforcing agents, mainly fibers primarily provide mechanical strength of the brake and make up 
approximately 6-35% of brake lining mass. They can be metallic, mineral, ceramic or organic, (examples of 
materials: copper, steel, brass, titanium glass). Fillers, which represent about 15-70% of the brake linings, are 
used to improve the thermal properties of a brake. They consist of inorganic compounds (barium and antimony 
sulphate, magnesium and chromium oxides), as well as ground slags, silicates and metal powders. Lubricants 
are usually used to reduce the wear of the lining. They may be inorganic, metallic or organic. It forms about 5-
29% of the weight of the brake lining. Most commonly graphite is used as a lubricant, but also ground rubber, 
metal particles, carbon black, dust, cashew nuts, clay minerals and antimony trisulfide. Abrasives are mainly 
used to increase friction between surface of pad and rotating disc. These include aluminum oxides, iron oxides, 
quartz and zirconium and make up about 10% of the lining weight [1-4]. The exact composition of individual 
commercial brake linings is not available, largely due to confidential character of this information. However, 
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the individual components of the brake lining, when exposed to high temperatures and pressure, may be 
released into the environment in form of particles having chemistry and morphology significantly different from 
the inital material. Sizes of such released particles may be down to tens of nanometers [5,6]. The easiest and 
most common route of particle entry into the body is through inhalation exposure, i.e via respiratory system. 
Under normal conditions, the gas is exchanged between the blood and the external environment. To protect 
the respiratory tract from non-toxic, irritating and toxic dusts, various protective devices are recommended to 
be used in and outside the work environment. The easiest way is to use a respirator that is technically referred 
to as a filter mask. Filter masks / masks must meet the requirements of European Standard EN 140:1998 [7]. 
In terms of filtration efficiency, half masks are divided into three classes: P1 - non-toxic dust (cement, 
aluminum, magnesite, ash, abrasive powder, soil dust, soot, limestone, slag, marble, etc.), P2 - against dust 
with predominantly irritating effect (resins, PVS, fiberglass, wood, tobacco, etc.), P3 - against toxic particles, 
viruses, bacteria, spores and radioactive dust. 

The aim of this pilot study was to evaluate whether particles, generated through non-combustion processes in 
transport, could reach the human body via respiratory exposure even though respiratory protective equipment.  

2. MATERIAL AND METHODS 

2.1. Studied samples 

Workers were exposed to resuspended dust particles for one hour during brake dynamometer maintenance 
(particle removal and machine cleaning). The particles deposited in the dynamometer were generated during 
the laboratory tests of the friction performance (according to ISO standard 26867:2009) using different 
formulations of friction composites [8]. Throughout the course of the work, workers should wear respiratory 
protective equipment together with a pair of P3 filters. These protective equipment, which should prevent 
particulate matter from entering the respiratory tract, are being used in accordance with EN 140:1998 
guidelines for protection against fine dust, water and oil-based liquid aerosols, viruses, bacteria, spores, 
organic and acid gases, vapors and ozone. Sample for identification of trapped particles were collected before 
and after the exposure to dust particles. Samples of saliva were then placed in formo f drops of 200 l in 
volume on a glass slide in 10 layers, each layer was left to dry separately in an antiseptic flowbox Steril Bio 
Ban Compact (Schoeller). To prevent contamination, the samples were stored in the desiccator between the 
individual analyzes. 

2.2. Methods used 

Raman spectra were obtained using the Smart Raman microscopy system XploRATM (HORIBA JobinYvon, 
France) in the entire range of wavelengths from 100 to 4000 cm-1. Lens with magnification 100x was used, 
because it is suitable for samples in the form of thin films. A laser of 532 nm (20 - 25 mW) was used. The laser 
spot diameter was approximately 0.5 μm, which allows for a particle / aggregate spot analysis. Intensity of the 
laser beam was reduced to 1, 10, or 25 % of its initial intensity to prevent damage of the samples. The grid 
was set to 1200 grooves / mm. This method is non-destructive, thus the sample can be used for further 
analysis. 

For more detailed characterization of the morphology, size, and elemental composition of the detected solid 
particles, scanning electron microscopes XL30 (Philips) and the Quantum FEG 450 (FEI) equipped with the 
APOLLO X (EDAX) analyzer were used. Two detectors were used for the measurements: SE - secondary 
electron detector and BSE - backscattered electron detector. In addition, an X-ray detector for sample 
microanalysis (SEM - EDS) was used.Atomic emission spectroscopy with inductively coupled plasma (AES - 
ICP) was used for chemical analysis. The AES-ICP spectrometer (SPECTRO Ciros Vision EOP, Germany) is 
equipped with an Ar/Ar plasma torch unit (argon, purity 4.6 was used), a flow nebulizer and a CCD detector. 
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3. RESULTS AND DISCUSSION 

The elements detected in all saliva samples by AES-ICP are listed in Table 1. 

Table 1 Overview of AES-ICP results of saliva samples from dust exposed workers during dynamometer  
   maintenance. A - before work, B - after work.

g/sample Al Ba Co Cr Cu Fe Mn Ni Zn 

sample 

1A >0.75 0.15 >0.075 >0.050 >0.15 2.49 0.24 >0.075 0.17 

1B 0.93 0.87 0.078 >0.050 0.48 15.2 0.63 0.11 0.42 

2A >0.75 0.16 >0.075 >0.050 >0.15 0.30 0.034 >0.075 0.066 

2B 0.75 0.31 >0.075 >0.050 0.17 3.18 0.49 0.094 0.45 

3A >0.75 0.17 >0.075 >0.050 >0.15 0.34 0.062 >0.075 0.23 

3B  2.22 2.07 0.58 0.45 1.03 105 1.33 0.11 3.85 

4A >0.75 0.16 >0.075 >0.050 0.22 2.33 0.33 >0.075 0.70 

4B >0.75 0.28 0.077 >0.050 0.40 10.6 0.36 >0.075 0.88 

 
Figure 1 Particle mainly based on tin b), particle mainly based on iron c), and particle mainly based on 

barium d), detected by SEM - EDS. These particles were found in a sample of saliva after the exposure a) 

The P3 - Particulate and Ozone Active Filters, which comply with EN 148:1998, have their limits of 
effectiveness as 50x the permissible exposure limit (PEL). “The permissible exposure limit (PEL) of a chemical 
or dust is the time-weighted average gas, vapor, or aerosol concentration in the working atmosphere, to which 
an employee may be exposed to an eight-hour or shorter shift of weekly working hours according to the current 
state of knowledge, lifetime occupational exposure to health damage, endangering his / her working ability and 
performance” [9]. However, there is no information provided on the smallest particle sizes for which the filters 
with P3 efficiency are efficient. Through SEM - EDS, particles with the majority content of Al, Ba, Bi, Cu, Fe, 
Ti, Sn and Zn were detected in saliva taken after exposure. The selected spectra are shown in Figure 1 and 
Figure 2. The particle/cluster sizes ranged from 2 to 5 μm. 
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Figure 2 Particle mainly based on bismuth a), particle mainly based on copper and iron b), and particle 

mainly based on zinc c), detected by SEM - EDS. These particles were found in a sample of saliva 
after the exposure. 

It is already known that braking of automobiles generates also nanoparticulate emissions with sizes down to 
20 nm and the majority of these particles are mainly carbon black and metal oxides, as well as other metallic 
compounds [1,10]. At the same time, automotive braking also produces tire and road surfaces abrasions, 
where particles can be in sizes down to 6 nm. These particles are complex of substances, mainly zinc 
compounds, organic polymers, but also metals such as Li, Na, Ca, Fe and Ti [6,10]. Specifically, non-
combustion processes in the transport (wear of brakes) are also a source of baryte (BaSO4). During the braking 
process, brake pads are worn, and some of the brake components can be released into the environment [11] 

From Table 1 it is evident that the number of all detected elements was clearly higher for workers after 
dynamometer maintenance. These were mainly Al, Ba, Fe, Cu, Mn and Zn based particles. Titanium in saliva 
samples after the exposure was not found. However, one of the phases of titanium dioxide - rutile and also 
amorphous carbon was detected using Raman microspectrometry - sample 3B (Figure 3). According to 
International Agency for Research of Cancer (IARC), these samples based on their composition may be 
classified as an agent "prominently carcinogenic to humans". These hazardous components are mainly CrIV, 
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Fe (not differentiated form), Ni (compounds) and soot. The group of "possible carcinogens for humans" 
includes detected particles of Ni (metal, alloy), and TiO2 [12]. 

 
Figure 3 Spectra obtained using Raman microspectrometer. Spectrum a) TiO2 as rutile phase and  

b) amorphous carbon were identified 

The effectiveness of the respiratory protective half-mask used together with the P3 filters was not sufficient 
and largely did not capture the resuspended dust generated during the laboratory friction performance tests 
using different formulations of friction composites. In some studies, it has also been found that the 
effectiveness of tested respiratory masks is considerably worse than that required by the European standards. 
According to the authors, this could be due to a high concentration of dust used in testing (800 mg / m3) or a 
poorly sealed mask [13]. 

4. CONCLUSION 

All elements detected using AES - ICP were in higher concentrations for workers after the performed work. 
The detected particles were based mainly on Al, Ba, Fe, Cu, Mn and Zn. SEM - EDS revealed particles with 
the major content of Al, Ba, Bi, Cu, Fe, Ti, Sn and Zn in saliva taken after the exposure. An amorphous carbon 
and rutile phase of the titanium dioxide were detected by Raman microspectroscopic analysis. Some of the 
substances detected in saliva after the exposure include its chemical composition according to IARC, an agent 
"probably carcinogenic to humans or belonging to the group" possible carcinogens for humans". The 
effectiveness of the respiratory protective half-mask used together with the P3 filters was not sufficient and did 
not capture entirely the dust generated during the laboratory friction performance tests.  

ACKNOWLEDGEMENTS   

This paper was created on the Faculty of Metallurgy and Materials Engineering in the Project No. 
LO1203 ‘‘Regional Materials Science and Technology Centre - Feasibility Program” funded by 

Ministry of Education, Youth and Sports of the Czech Republic, and supported by project reg. no. 
SP2016/78, and SP2017/75 (Ministry of Education, Youth, and Sports of the Czech Republic). 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

715 

REFERENCES 
[1] KUKUTSCHOVÁ, J., MORAVEC, P., TOMÁŠEK, V., et al. On airborne nano/micro-sized wear particles released 

from low-metallic automotive brakes. Environmental Pollution, 2011, vol. 159, no. 4, pp. 998-1006. 

[2] GRIGORATOS, T., MARTINI, G. Brake wear particle emissions: a review. Environmental Science and Pollution 
Research, 2014, vol.22, pp. 2491-2504. 

[3] CHAN, D., STACHOWIAK, G.W. Review of automotive brake friction materials. Proceedings of the Institution of 
Mechanical Engineers, Part D: Journal of Automobile Engineering, 2004, vol 218, pp. 953-966. 

[4] THORPE, A., HARRISON, R.M. Sources and properties of non-exhaust particulate matter from road traffic: a 
review. Science of the Total Environment, 2008, vol. 400, pp. 270-282. 

[5] KUKUTSCHOVÁ, J., ROUBÍČEK, V., MALACHOVÁ, K., et al. Wear mechanism in automotive brake materials, 
wear debris and its potential environmental impact. Wear, 2009, ol 267, no. 5-8, pp. 807-817. 

[6] DALL´OSTO M., BEDDOWS, D., GIETL, J., et al. Characteristics of tyre dust in polluted air: Studies by single 
particle mass spectrometry (ATOFMS). Atmospheric Environment, 2014, vol. 94, pp. 224-230. 

[7] ČSN EN 140/1998, Czech Technical Standard. Respiratory protective devices - Halfmasks and quarter masks - 
Requirements, testing, marking.  

[8] ISO 26867:2009. Road vehicles -- Brake lining friction materials -- Friction behaviour assessment for automotive 
brake systems. 

[9] ŠAMÁNEK, J., BAUMRUK, J. Přípustné expoziční limity chemických látek v pracovním prostředí. SZÚ - Centrum 
odborných činností v OPVZ. 2010. dostupné z: http://www.szu.cz/tema/pracovni-prostredi/pripustne-expozicni-
limity-chemickych-latek-v-pracovnim-prostredi. 

[10] FILIPOVÁ, Z., KUKUTSCHOVÁ, J., MAŠLÁŇ, M. Rizika nanomateriálů 1st ed.Olomouc: Palacky University in 
Olomouc, 2012, 88 p. 

[11] KUKUTSCHOVÁ, J., ROUBÍČEK, V., MAŠLÁŇ, M., et al. Wear performance and wear debris of semimetallic 
automotive brake materials. Wear.2010, vol.268, no. 1-2, pp. 86-93: 

[12] Agents Classified by the IARC Monography. International Agency for Research on Cancer [online]. Lyon, France: 
Lyon CEDEX 08, 2017 [cit. 2017-08-31]. Dostupné z: http://monographs.iarc.fr/ENG/Classification/ 

[13] GRIMA-OLMEDO, C., RAMÍRÉZ-GOMÉZ, Á., MEDIC-PEJIC, L., et al. The penetration of respiratory protective 
devices by respirable solid particles. Journal od Aerosol Science.2014, vol.74, pp. 36-41. 

 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

716 

AQUATIC TOXICITY OF AIRBORNE BRAKE WEAR PARTICLES TO RAPHIDOCELIS 
SUBCAPITATA  

RAJHELOVÁ Hana, KUZNÍKOVÁ Ľubomíra, PEIKERTOVÁ Pavlína, MAMULOVÁ KUTLÁKOVÁ 
Kateřina, ČECH BARABASZOVÁ Karla, THOMASOVÁ Barbora, VACULÍK Miroslav, 

KUKUTSCHOVÁ Jana  

Nanotechnology Centre, VŠB-Technical University of Ostrava; Ostrava, Czech Republic, EU 

Abstract 

Wear debris from automotive brake systems represents a major source of non-exhaust emissions from road 
traffic. Amount of brake wear debris released to the environment increased with numbers of cars. However, 
their impact on the environment and human health is still unknown. One of the ways how to evaluate their 
potential environmental impact is testing the acute aquatic toxicity on freshwater green algae. 

Aim of this study is evaluation of the acute aquatic toxicity of airborne brake wear debris particles on freshwater 
green algae Raphidocelis subcapitata. Elemental composition of collected brake wear debris after standard 
dynamometer test was analyzed by scanning electron microscopy and X-ray fluorescence analysis and phase 
composition was determined by X-ray powder diffraction analysis. Particle size distribution was characterized, 
as well. Airborne brake wear debris contains particles in the range values from 3.98 µm (d10) to the 75.18 µm 
(d90) and its composition is mostly based on amorphous carbon and iron. Accumulation of these elements and 
compounds in the environment may pose risk to the water environment. The fifty percent effective 
concentration (EC50) was determined for the concentration 50.73 g/l of airborne brake wear debris to 
freshwater green algae Raphidocelis subcapitata 

Keywords: Brake wear debris, acute aquatic toxicity, Raphidocelis subcapitata 

1. INTRODUCTION 

Braking is an important source of particle emissions originated from automotive braking processes and may 
pose negative impact to the environment and living organisms [1]. Amount of brake wear particles released to 
the environment is closely related to the number of cars worldwide. Friction materials for brake linings usually 
consist of more than 10 components [2], including phenolic binders, abrasives, lubricants, and fillers [3]. High 
pressure and temperature during braking process affect size, properties, and chemical composition of formed 
emitted particles [4], typically metal oxides and degradation products of phenolic resin. Brake wear particles 
are produced in two fractions: airborne particles are released into the air and nonairborne particles are 
deposited on surface of road and automobile hardware [5]. Garg et al. reported that 35 % of brake wear debris 
is emitted as airborne fraction, which total amount of released particles was determined to 11 mg/km [6]. 

Several toxicological studies suggested that brake wear debris can negatively influence living organisms and 
their parts. Peikertová et al. determined that airborne fraction shows relatively low toxicity (EC50 85.46 g/l) to 
green algae Raphidocelis subcapitata [7]. Dodd et al. found out, that brake wear debris may cause decrease 
of germination and root elongation of lettuce (Lactuca sativa) and wheat (Triticum aestivum) [8]. On the 
contrary Shupert et al. observed growth stimulation of Salvinia molesta cultivated in extract of low metallic 
brake wear debris [9]. According to Kazimirova et al. airborne brake wear debris from low metallic brakes can 
caused damage of chromosomes and may be responsible for genotoxicity [10]. Malachová et al. proved acute 
toxicity of nonairborne particles from low metallic brake pad to Vibrio fischeri [11]. Toxicological studies have 
suggested that brake wear debris, especially metallic, may damage organisms within the mechanism that 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

717 

involve oxidative stress and proinflammatory reaction [12]. Our experience shows that airborne particles are 
able to induce oxidative stress via protein carbonylation. 

Aim of the study was to characterize collected airborne brake wear debris after standard dynamometer test 
and evaluation of the acute aquatic toxicity to freshwater green algae Raphidocelis subcapitata. Sample was 
characterized by scanning electron microscopy (SEM/EDS), X-ray fluorescence spectroscopy (XRFS) and X-
ray powder diffraction (XRPD) to determine morphology, phase and elemental composition and dynamic light 
scattering to determine the particle size distribution (PSD). 

2. EXPERIMENTAL 

2.1. Brake wear debris generation 

For generation of brake wear debris automotive full scale brake dynamometer model M2800 (LINK 
Engineering) was used. Brake wear debris was collected after standard dynamometer tests from filter (KS 85 
Klima - Service, a.s., Czech Republic) located in dynamometer ventilation system. Tested material contains 
particles from different low metallic brake pads and simulates real traffic emissions.  

2.2. Analytical methods  

Experimental data on morphology and elemental composition of studied materials were obtained from 
scanning electron microscope (SEM) (Philips XL-30) equipped with EDS (EDAX) detector. Samples were 
attached on the carbon conductive tape for the SEM analysis.  

An energy dispersive XRFS spectrometer SPECTRO XEPOS (SPECTRO A. I., Kleve, Germany) was used 
for elemental analysis. For samples excitation 50 W Pd end-window tube operating at max. 50 kV is used. The 
target changer, with up to 8 polarization and secondary targets, offers many various excitation conditions 
ensuring optimum determination of all elements from Na to U. Measurements were performed in He 
atmosphere. Silicon drift detector with Peltier cooling achieves a spectral resolution of less than 160 eV for Mn 
K-α, the maximum count rate is 120 kcps. Special SPECTRO TurboQuant method for powders was used for 
the measurement of wear debris from automotive brake system.  

Total carbon (TC) content was determined by HT 1300 Solids (Analytic Jena AG, Germany) with analyzer Multi 
N/C 3100. 

The XRPD patterns were recorded under CoKα irradiation (λ = 1.789 Å) using the Bruker D8 Advance 
diffractometer (Bruker AXS) equipped with a fast position sensitive detector VÅNTEC 1. Measurements were 
carried out in the reflection mode, powder samples were pressed in a rotational holder, goniometer with the 
Bragg-Brentano geometry in 2 θ range from 5 to 80°, step size 0.03°. Phase composition was evaluated using 
database PDF 2 Release 2014 (International Centre for Diffraction Data). 

The particle size distribution (PSD) was determined by using laser diffraction particle size analyser (HORIBA 
LA-950 instrument). Before measuring the sample was sonicated in water solution with one drop of detergent 
for 45 s. The PSD analyses were conducted with the refractive index 2.900 for airborne brake wear debris and 
1.333 for water suspension. Results were output as the volume PSD. Each data point is an average of 
approximately 5 measurements. 

2.3. Leachate preparation 

For leachate preparation 15 g of brake wear debris in 150 ml of distilled water were used. This solution was 
stirred in an orbital shaker for 24 h. Obtained solution was filtered per vacuum filtration apparatus with 
membrane filter Pragopor 6 (pore size 0.4 µm). 
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2.4. Acute aquatic toxicity test 

For performance of acute aquatic toxicity test on freshwater green algae were used: Raphidocelis subcapitata 
(CCALA, Institute of Botany of the Academy of Sciences of the Czech Republic in Třeboň). Acute aquatic 
toxicity tests were done according to the ČSN EN ISO 8692 Standard [12]. For algae cultivation 2x6 
Erlenmeyer flasks (volume 100 ml) was filled by 25 ml of solution, which contains algae suspension (3 days 
old) in concentration 10 000 cells/ml, salts for enrichment of leachate (solution was prepared according to the 
standard ČSN EN ISO 8692) [12], and leachate of the airborne brake wear debris. Concentration range (weight 
of wear debris particles/volume of distilled water) for determining of EC50: 100 g/l, 80 g/l, 60g/l, 40 g/l, 20 g/l, 
and 0 g/l. Erlenmeyer flasks were placed in thermo box (T=23 ± 2 °C) with continuous illumination and after 
72 h cultivation the cell density was determined.  

3. RESULTS AND DISCUSION 

3.1. Characterization of tested material 

Selected image from SEM analysis of airborne brake wear debris (see Figure 1) shows heterogeneous 
aggregates in terms of different morphology, size, and shape. Tested material includes spherical, plated, and 
sharp edged particles. Spherical particles are typically created during high-temperature processes, sharp 
edged and plated particles are mostly connected with mechanical wear [1]. EDS analysis was also performed 
on this sample and results show that the sample is predominantly formed of C, Fe, and O and to a lesser 
extent other elements such as Zn, Cu, Mg, Al, Si, Ti, etc. (see Figure 1). All detected elements commonly 
occur in initial brake pad formulations and as well in brake wear debris [14]. Presence of oxygen in the EDS 
record suggests that the oxide forms of the metals are predominantly present in the sample. 

 

Figure 1 Selected SEM image of airborne brake wear debris 

Elemental analysis was also determined by XRFS, which as well confirmed that airborne wear particles have 
multicomponent composition. The main elements detected in the sample were carbon 28 % wt. (determined 
by TC analysis) and Fe 49.58 % wt. Other elements had a significantly lower proportion Si 3.08 % wt.,  
Al 2.7 % wt., Mg 1.59 % wt., Zn 1.58 % wt., S 1.04 % wt., Zr 0.74 % wt., Ti 0.62 % wt., Ca 0.6 % wt.,  
Ba 0.55 % wt, and K, Cr, Mn, Ni, Cu, As, Sr, Mo, Cd, Sn, Sb, and Pb below 0.5 wt %/ all about 10 % wt. Mainly 
detected elements from airborne brake wear particles reported in literature are C, Fe, Cu, Ba, and Pb, but 
differ considerably [15] according different authors and/or studied brake pads. Elemental composition detected 
by XRFS is in very good accordance to SEM/EDS analysis of the sample for elements with presence higher 
than 0.5 % wt. 
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Phase analysis was determined by XRPD (see Figure 2). The results show, that C in the form of graphite, 
metallic Fe and Cu, iron oxides (FeO, Fe2O3, Fe3O4), FeS2, CuZn, and CuSn are major phases formed the 
sample. Phase composition of brake wear particles may differ from the original friction material, because effect 
of high pressures and temperatures in presence of O2, which may lead to the formation of new products (for 
example oxidation of metallic component mainly cooper and iron) [17]. Unfortunately, verifying of the initial and 
final phase is impossible due to the know-how of the brake manufacturers. Detected compounds are in 
accordance to main elements detected by XRFS and SEM/EDS. 

 

Figure 2 XRPD pattern of airborne brake wear debris (1 - C, 2 - Fe, 3 - Fe3O4, 4 - FeO, 5 - Fe2O3, 6 - Cu,  
7 - FeS2, 8 - CuZn, 9 - CuSn) 

 

Figure 3 Log-normal particle size distribution of the brake wear debris airborne sample 

Li
n 

(C
ou

nt
s)

0

100 0

200 0

300 0

400 0

2-Theta - Scale
21 30 40 5 0 60 70 8 0

1, 2, 9

1

1

3

4

3, 6

3, 5, 8

3, 5

4

2

5

7

6

8

5, 7

3

4

5

3

7

9

8

8



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

720 

PSD (volume distribution) of the airborne brake wear debris is shown in Figure 3. The mode diameter (dm) 
and the d10 and d90 diameters were used for evaluated the particle sizes and the PSD width. The PSD has 
very broad character with interval values 3.98 - 75.18 µm (d10 - d90). Bimodal PSD with two peaks at 15.17 µm 
(dm1) and 174.62 µm (dm2) contributed to the existence of two particle size fractions. The PS values agree 
with the results from scanning electron microscopy (see Figure 1), where dm2 values correspond with the 
bigger plated-like particles in the sample volume and as well may be connected with agglomerates. These 
agglomerates can contain also nanosized particles which can be easily released for example to the water 
environment [16] 

3.2. Acute aquatic toxicity on freshwater green algae Raphidocelis subcapitata 

In Figure 4 are shown biomass growth inhibition curves for both experiments. The effective concentration of 
toxicity (parameter EC50) of brake wear debris leachate to Raphidocelis subcapitata was determined as 
average value from both experiments and its value is 50.73 ± 2.75 g/l. As compared with study of Peikertová 
et al. who determined EC50 for airborne brake wear debris to Raphidocelis subcapitata to 85.46 g/l [7] ours 
determined concentration is lower, thus our sample shows higher potential risk still shows no acute aquatic 
toxicity (material exhibits aquatic toxicity if EC50 ≤ 1.00 g/l) [18]. Due to increasing numbers of cars and possible 
accumulation of brake wear debris in the environment should be this material considered as potentially 
dangerous for the environment, including the aquatic ecosystem. 

 

Figure 4 Biomass growth inhibition curve of airborne brake wear debris (EC50 is reported as mean of two 
measurements) 

4. CONCLUSION 

Collected brake wear debris was deeply characterized by SEM/EDS, XRFS, XRPD, and PSD. Used analytical 
techniques correspond to each other and proved that the brake wear debris is heterogeneous material with 
particles of different morphologies, sizes and compositions. Performed acute aquatic toxicity test on green 
freshwater algae Raphidocellis subcapitata show potential to decrease its growth, but show no acute toxicity 
(EC50 - 50.73 ± 2.75 g/l). However, increasing of the brake emissions and their long term accumulation may 
pose risk to the environment, especially to the water environment. 
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Abstract 

Samples of the moss Pleurozium schreberi were subjected to the nano-ZnO suspension under various 
conditions and the distribution of the accumulated zinc in their thalli was determined. To assess the presence 
of the accumulated zinc on the surface of the plant, in the extracellular and intracellular space as well as in the 
residual fraction, sequential elution technique using distilled water, NiCl2 solution, HNO3 followed by a total 
decomposition in acid mix was used. Data were then analysed using multiple Analysis of variance in order to 
identify the most important factors affecting the accumulation and distribution of Zn in the plant. Among all the 
applied treatments - washing x not washing, irrigation x no irrigation and oven drying x exsiccation at the 
ambient temperature - washing and irrigation prior to the exposure affected the Zn distribution the most. At the 
same time, some of the treatments may have been detrimental to the integrity of the moss cells and, hence, 
alter the observed distribution of Zn in the samples. In terms of total Zn content accumulated in the moss thalli, 
not washing following by irrigation prior to the exposure is hereby recommended for biomonitoring studies. 

Keywords: Moss, ZnO, nanoparticles, accumulation, sequential elution 

1. INTRODUCTION 

Although some research has been conducted on the toxicity of metal oxides nanoparticles to plants [1], 
particular uptake mechanisms, distribution, translocation, and accumulation in the plant body are mostly 
unknown [2]. Bryophytes are species of which many are being routinely used in air or water pollution 
assessment [3] making them good model organisms, however, the effects of nanoparticle exposure on 
bryophytes and the nanoparticles accumulation patterns in their thalli are greatly understudied. No signs of 
stress or toxicity of iron nanoparticles were found when applied to the bryophyte Physcomitrella patens though 
they entered its thallus (and cells) [4,5]. The accumulated nanoparticles were, however, not quantified - only 
confirmed by qualitative methods. During the first attempt of nanoparticle pollution monitoring, determined 
amount of silver in bryophyte species Brachythecium rutabulum and Hypnum cupresiforme was significantly 
higher in bryophytes near the nano-Ag production plant than in the background [6]. The particular process of 
accumulation and capacity of the bryophytes to accumulate the nanoparticles are, thus, still unknown. The 
presented study aims to assess the distribution of Zn in moss thalli after exposure to nano-ZnO (surface, 
extracellular, intracellular and residual fraction) and to determine the sample preparation factors affecting the 
accumulation of zinc in these fractions. 

2. MATERIALS AND METHODS 

The moss samples of Pleurozium schreberi (Brid.) Mitt. species were collected using vinyl gloves in the 
Beskydy Protected Landscape Area (Czechia), far from the sources of pollution. Only 2-4 cm long apical 
segments of the gametophytes were collected following the published recommendations [7]. Pleurozium 
schreberi was chosen for its established ability to accumulate nanoparticles and since it is frequently applied 
in biomonitoring studies [8]. 

After their transport to laboratory, samples were divided to sixteen groups of treatments, four replications each. 
The treatment of the sample consisted of either washing or not washing, irrigation or no irrigation one week 
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prior to the exposure, exposure to nano-ZnO or control and, finally, drying in the oven (50 °C) or at the ambient 
temperature after the exposure and prior to the analysis. Nano-ZnO suspension (c = 0.1 g.l-1) used for exposure 
was prepared from nano-ZnO (prepared according to the process further described in Mamulová Kutláková et 
al. [9]) by sonicating the nano-ZnO in de-ionized water for 30 minutes. 

The exposure of the moss samples to the suspension took place for the total of five days, two 2.5 ml exposures 
per week, for the control samples, the same procedure was followed using pure de-ionized water. After the 
exposure and drying, sequential elution was applied following Pérez-Llamazares et al. [10] in 3 or (more 
precisely) 4 steps: 

I. Surface fraction - samples (ca 0.5 g) were shaken for 30 s in 50 ml distilled water. Leachates were 
filtrated, filtrate stabilized and analysed, moss material was dried at ambient temperature. 

II. Extracellular fraction - samples were shaken in 50 ml of 20 mmol.l-1 NiCl2 in two steps (for 45 and 30 
min) between which the extraction agent was renewed. Leachates were filtrated, filtrate stabilized and 
analysed, moss material was dried at ambient temperature. 

III. Intracellular fraction - samples were shaken for 30 min in 1 mol.l-1 HNO3. Samples were filtrated and 
analysed, moss material dried to constant weight. 

IV. Residual fraction - ca 0.25 g of each sample was placed to a PTFE container and thermally dissolved 
in the mixture of chemicals (HF+HNO3+H2O2), filtrated and diluted to a common volume. 

After drying, all filtrates and digested residual matter were analysed for Zn content by Inductively coupled 
plasma atomic emission spectroscopy (ICP-AES). 

To find which factors affected the Zn content in the individual thallus fractions of Pleurozium schreberi and the 
total amount of Zn in the thallus, the results were statistically assessed using multiple Analysis of variance 
(ANOVA) in R programme [11]. Since the results were not normally distributed and, hence, parametric tests 
could not be applied, the results were logarithmically (common logarithm) transformed prior to the analyses. 

3. RESULTS AND DISCUSSION 

3.1. Total content 

The total Zn content and its distribution 
was affected by the sample treatment 
as is apparent from Figure 1 (Un, W - 
unwashed, washed; Dr, We - not 
irrigated; irrigated, N, Y - exsiccated at 
the ambient temperature, 50 °C oven 
drying) where only the samples 
exposed to nano-ZnO suspension are 
plotted for clarity. Washed and wetted 
samples had the lowest total Zn 
content. The highest total Zn 
concentration observed was in the 
samples unwashed but irrigated prior 
to the exposure - approximately 25 % 
more than the lowest observed 
concentration. Post-exposure drying of 
the samples had a negative effect on 
the total Zn amount in most of the 
cases except for the irrigated moss 
samples. 
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3.2. Fractions 

The effect of the individual treatments as well as their combinations on the Zn amount in the thallus fractions 
(and total amount) was assessed using multiple Analysis of variance (ANOVA) the results of which are 
presented in the Table 1. Unsurprisingly, the concentration of the zinc was affected the most by the exposure 
itself - in all the fractions as well as in the case of the total assessment. In the unexposed samples, the zinc 
concentration was negligible and, although it proved the pristine status of the collection site, were thus 
excluded from the figures hereby presented. 

Table 1 Effect of the treatments and their combination on Zn content in the moss thalli fractions 

 Surface Extracellular Intracellular Residual Total 

NP *** *** *** *** *** 

washing *** - *** * - 

irrigation - *** *** ** *** 

oven dried - - - - - 

NP:washing *** *** *** - - 

NP:irrigation *** *** *** * *** 

washing:irrigation *** - ** . - 

NP:oven dried - - - - - 

washing:oven dried - - - - - 

irrigation:oven dried - - - * - 

NP:washing:irrigation - *** - - * 

NP:washing:oven dried - - - - - 

NP:irrigation:oven dried - - - - - 

washing:irrigation:oven dried - - - - - 

NP:washing:irrigation:oven dried - - - - - 

Significance codes: ‘***’ 0.001; ‘**’ 0.01; ‘*’ 0.05; ‘.’ 0.1; ‘-’ no significance 

In the intracellular and surface fractions, the highest Zn content was found in washed unirrigated samples, less 
in unwashed irrigated, unwashed unirrigated and the least was found in washed irrigated samples. In the 
samples not subjected to the oven-drying procedure after the exposure, more Zn was found on the surface 
and in the extracellular spaces of the thallus than in the samples oven-dried (with the exception of the 
unwashed irrigated samples). In the extracellular space, the concentration of Zn was the highest - 
approximately 20x higher than on the surface and two times more than in the moss cells. Overall, the samples 
that were irrigated prior to the exposure tended to have higher Zn content in their cells - phenomenon also, 
interestingly, observed in the control samples. Highest cellular content of Zn was observed in unwashed, 
irrigated samples, then in both washed irrigated and unirrigated, and, finally, in the unwashed unirrigated, the 
Zn cellular content was the lowest. Decrease of cellular Zn content was observed consistently in all the cases 
when the samples were unirrigated and then subjected to the post-exposure oven-drying, however, this 
decrease was found not to be significant - this was also true for the observed increase of Zn in all the irrigated 
samples when subjected to oven-drying. The graphical representation of the example of the relationships 
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between the Zn content in the thallus fractions (intracellular and extracellular) of the exposed samples 
depending on the varying sample treatment is presented in the form of a conditional plots (Figure 2 and 3). 

 
Figure 2 Conditional plot of Zn content in the intracellular fraction of the exposed samples 

 
Figure 3 Conditional plot of Zn content in the extracellular fraction of the exposed samples 
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It has to be noted that the amount of Zn in the particular fractions of the thallus differed among treatments, 
hence, it is conceivable that the treatments led to disruption of the cell membranes.  

4. CONCLUSIONS 

Zn from ZnO nanoparticle exposure clearly penetrated both the thalli and the cells of the moss although, using 
the hereby applied analytical method (ICP-AES), it was impossible to assess whether it remained in the metal 
oxide nanoparticle form. Both the total and the localized Zn content in moss thalli was altered by the sample 
treatment prior to the exposure. Nano-ZnO exposure leads to differing Zn content in thalli fractions in 
Pleurozium schreberi. The most important factors affecting the Zn content both in the individual thallus fractions 
and in the whole thallus were washing and irrigation prior to the exposure.  

From the practical, biomonitoring, point of view, the most favourable treatment of the exposed moss samples 
is the one bringing the highest yield of the monitored element, hence, not to wash and irrigate the moss prior 
to the exposure seems is to be recommended. However, for decision on the proper treatment when the 
distribution of the element is of the interest such as when the uptake and translocation of the nanoparticles in 
the plant is the aim of the study, the question of the preservation of the cell membrane integrity of the used 
moss plant has yet to be assessed since the obtained results suggest it may be a prominent issue.  
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Abstract 

The tremendous increase of the use of nanomaterials (NMs) has been witnessed during the last decade in 
many areas of human life including the chemical industry, cosmetics, biomedicine or food technology. The 
variety of NMs, their unique properties, almost ubiquitous presence and the size range of 1-100 nm raised the 
interest of toxicologists. The evaluation of the frequency of micronuclei (MN) as a result of the genotoxic events 
is a broadly utilized and well-established approach in in vitro studies for testing the risk of chemical exposure. 
Nevertheless, properties of the NMs give rise to the questions concerning the optimal methodological variants 
of the MN assay. 

In our study, five types of well-characterized NMs (TiO2: NM-101 and NM-103; SiO2: NM-200; Ag: NM-300K 
and NM-302) of specific size, shape, or e.g. dimensions of aggregates were involved in the genotoxicity testing 
using four variants of protocols differing in the time of NM exposure, application of cytochalasin-B combined 
with simultaneous and delayed co-treatment with nanoparticles (NPs). Bronchial epithelial cells (BEAS-2B) 
were used in this study to fulfil these tasks. Presence of NPs was controlled by transmission electron 
microscopy (TEM). 
Obtained results showed the different genotoxic potential of the various TiO2 and Ag NMs (NM-101<NM-103 
and NM-300K>NM-302, respectively). Comparison of all testing strategies revealed, that the level of DNA 
damage can differ based on the time of exposure and the methodological approach. In general, using 
cytochalasin-B led most frequently to the increase of the genotoxic potential of the tested NMs. 

Keywords: BEAS-2B cells, genotoxicity, micronucleus assay, nanomaterials 

1. INTRODUCTION 

The nanomaterials (NMs) have been defined by EU recommendation number 2011/696/EU as “a natural, 
incidental or manufactured material containing particles, in an unbound state or as an aggregate or as an 
agglomerate and where, for 50% or more of the particles in the number size distribution, one or more external 
dimensions is in the size range 1 nm - 100 nm” [1]. The tremendous increase of their application has been 
witnessed during the last decade in many areas of human life including chemical industry, cosmetics, 
biomedicine or food technology. Also, the number of registered NM increased rapidly up to almost 4 000 types 
according to current Nanowerk Nanomaterial DatabaseTM (http://www.nanowerk.com/). Due to possible 
exposure of humans via a large number of consumer products and the evidence showing that exposure to 
nanoparticles (NPs) has numerous toxic effects, the interest of toxicologists in these materials has increased 
in the last few years. 

Investigation of the total micronuclei (MN) by cytokinesis-block micronucleus assay (CBMN assay) in 
binucleated cells (BNC) is a traditional method [2] successfully used for evaluation of the effect of exposure to 
many chemicals. In vitro studies utilizing a broad spectrum of cell lines and evaluating the frequency of MN 
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are relatively common. On the other hand, this field of research faces many challenges and questions 
concerning an above-mentioned number of various NMs and variety of their properties like e.g. size, shape or 
level of aggregation. Also choosing the optimal methodological variant of the micronucleus assay (with or 
without cytochalasin B) and timing of the exposure experiment is a major task of the genotoxicity testing. 
Up to now, more than 50 research papers concerning genotoxicity of NPs investigated by some of the variants 
of the in vitro micronucleus assay have been published according to PubMed database during last decade. 
Most of them concern some of the size fraction or crystalline structure (anatase or rutile) of titanium dioxide 
which is one of the most common NPs used in industry. Currently available results obtained by some of the 
variants of the micronucleus assay after treatment of various cells with mixtures of anatase and rutile NPs 
differing in their size, shows a wide range of effects, from negative to positive ones. Specifically, no effect of 
exposure was observed for larger 100% anatase TiO2 particles >200 nm in BEAS-2B cells opposite to smaller 
10 and 200 nm particles which induced significant increase in frequency of MN [3]; no consistent results also 
observed for different mixtures of both crystalline forms in comparison of various types of cells [4,5]; only 
higher/non-real dose of tested NPs (1000 mg/ml) was associated with genotoxic/transforming effects in 
another study [6]. Similarly, as for TiO2 NPs, the effect of size was also observed for SiO2 NPs where smaller 
crystalline forms (7.21 nm) caused a significant increase of MN in opposite to larger amorphous forms up to 
104 nm [7,8]. Ag NPs (size range 6-20 nm) induced MN in two different cell lines [9] and induced cytotoxicity 
and genotoxicity in size- and coating-dependent manner [10]. The effect of the size of NPs on cytotoxicity 
and/or genotoxicity was presented also by other authors [11-13] while others found that the effect of the size 
was not always crucial [14]. 

Despite significant achievements in the testing of genotoxicity of NPs, there are many methodology variants 
and designs of MN assay which can be potentially used and which can affect the final results. In this study we 
utilized previously obtained published data and concentrated on the additional gaps in knowledge in optimizing 
the micronuclei assay for testing of the broad range of NPs. Five types of well-characterized NMs (TiO2 NM-
101 and NM-103, SiO2 NM-200, Ag NM-300K and NM-302) differing by their properties, including size, shape, 
or e.g. dimension of aggregates were involved in the testing of four variants of protocols characterized by time 
of exposure and application of cytochalasin-B combined with simultaneous or delay co-treatment with NPs. 

2. METHODS 

2.1. Nanomaterials 

Five types of NMs differing by their characteristics were involved in genotoxicity experiments: (i) TiO2 [titanium 
dioxide - anatase form, primary particle size 5 nm, NM-101 (Joint Research Centre)]; (ii) TiO2 [titanium dioxide 
- rutile form, primary particle size 20-100 nm, NM-103 (Joint Research Centre)]; (iii) SiO2 [synthetic amorphous 
silicon dioxide produced by precipitation, particle size 10-20 nm, NM200 (Joint Research Centre)]; (iv) Ag 
[silver with prevalently round shape, particle size < 20 nm, NM-300K (Joint Research Centre)] and; (v) Ag 
[silver with rods shape, particle size 100-200 nm width, 5-10 µm length, NM-302 (Fraunhofer)].The preparation 
of NMs for genotoxicity testing was performed according to instructions of the generic NANOGENOTOX 
dispersion protocol (www.nanogenotox.eu). 

2.2. Cell cultivation and treatment 

Adherent human bronchial epithelial cells BEAS-2B obtained from American Type Culture Collection (ATCC®) 
(CRL9609™) were used to evaluate the genotoxic effect of selected NMs. The protocol recommended by 
ATCC® for cultivation of the BEAS-2B cells was used. Briefly, cultivation surfaces were coated with a mixture 
of 0.01 mg/ml fibronectin (Sigma-Aldrich, MO, USA), 0.03 mg/ml bovine collagen type I (Sigma-Aldrich, MO, 
USA) and 0.01 mg/ml BSA (Sigma-Aldrich, MO, USA) dissolved in bronchial epithelial basal medium (BEBM™) 
(Lonza, Switzerland) and kept at 37°C overnight. Before seeding the cells, all the coating media were removed. 
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Serum-free cultivation conditions (BEGM™ kit CC3170) (Lonza, Switzerland) were used. The cells confluence 
did not exceed 70%. Three concentrations (see details in results) of each tested NM were selected for testing 
in this study. 

2.3. Micronucleus assay 

Genotoxicity of selected NMs was determined using the micronucleus assay in both mononucleated (MONO) 
and binucleated cells (BNC) [15,16]. Four methodological variants: two without cytochalasin-B and two with 
cytochalasin-B were tested in this study (see Figure 1 A-D). NPs were applied for 28 h and 48 h before the 
end of cultivation. The 8-well Lab-Tek™ Chamber Slide System where the cells were grown and treated was 
used as described previously [17]. Concentration of cytochalasin-B (Sigma-Aldrich, MO, USA) for blocking of 
cytokinesis was 1 µg/ml. At the end of cultivation, the cells were treated with a hypotonic solution of KCl 
(0.075M, Sigma-Aldrich, MO, USA) and fixed with a mixture of methanol (Merck Millipore, MA, USA) and acetic 
acid (Penta, Czech Republic) (3:1). Finally, the slides were dried and stained by 5% Giemsa (Merck Millipore, 
MA, USA). 

  
Figure 1 Overview of the design of micronucleus assay tested  

in the study: Mononuclear assay with 28 h (A) and 48 h (B) NMs 
exposure; CBMN assay with 28 h simultaneous co-treatment  

(C) and 48 h delayed co-treatment (D) of NMs  
with cytochalasin-B. 

Figure 2 Examples of images from 
microscopic analyses: Giemsa-

stained BNC with the NM-101 (A) and 
NM-302 (B) on the surface; TEM 
image showing the NM-300K (C) 

inside the cell 

2.4. Microscopic analysis 

Visual scoring using the Olympus BX41 microscope was performed to analyze the MONO or binucleated cells 
in final magnification 1000x. A total of 3x 1000 MONO or 3x 500 BNC per each tested compound were 
evaluated. In case of evaluation of the BNC, the cytokinesis-block proliferation index (CBPI) was calculated to 
control for cell division. Transmission electron microscopy (TEM) was applied with the aim to control the 
presence of NPs and their agglomerates inside the cells and/or nuclei. See an example of images from both 
microscopic analyses in Figure 2. 

3. RESULTS AND DISCUSSION 

Five types of well-characterized NMs (TiO2 NM-101 and NM-103, SiO2 NM-200, Ag NM-300K and NM-302) of 
specific size, shape, or e.g. dimension of aggregates were involved in the testing of four variants of protocols 
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differing by the time of exposure (28 h or 48 h) and application of cytochalasin-B. Simultaneous or delay co-
treatment with NMs was applied in case of use of methodological variant with cytochalasin-B. The results, 
summarized in Figure 3 A-E, are expressed as a percentage of aberrant cells (% ABB) in MONO or BNC for 
assay without or with cytochalasin-B, respectively. 

 
Figure 3 Micronuclei induced after exposure to selected NMs for 28 h and 48 h with and without 

cytochalasin-B 

Such broad testing of NMs, involving NPs of different properties, concentrations, time of exposure and various 
concepts of the micronucleus assay was inspired mainly by unique physico-chemical properties of NMs 
responsible for unexpected interactions with experimental components that support the evidence, that they 
cannot be treated in the same manner as chemical compounds [18]. Beside many confounding factors, 
experimental design with/without cytochalasin-B seems to be fundamental. Various concepts of MN assays 
were previously discussed for dextran-coated USPION exposure to MCL-5 cells where a post-treatment with 
cytochalasin-B induced a significant and dose-dependent increase of MN frequency. The post-treatment as 
well as delayed co-treatment with cytochalasin-B was also suggested [18,19]. Another discussion, but with 
opposite worry, concerns the fact, that cytochalasin-B acts as an actin inhibitor which, beside the cytoplasmic 
cell division, may also inhibit the process of actin-dependent endocytosis as one of the routes for entry of NPs 
into the cells. This may theoretically result in underestimation of genotoxic potential of NPs [20]. 

Our results support above mentioned observation, that cytochalasin-B plays a role in increase of the 
significance of the results as shown for TiO2: NM-103, SiO2 NM-200 and Ag NM-300K. In contrast, the testing 
strategies without cytochalasin-B represent more typical situation related to real exposure of humans. Co-
treatment with cytochalasin-B during exposure to NPs can only simulate the possible reaction of the human 
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during cancer therapy. Concerning other findings, two TiO2 and Ag NMs which differed substantially by size 
and crystalline form or shape respectively, are the typical examples of the differences in genotoxic effect 
caused by the properties of the individual NMs. From our results, we may hypothesized that co-treatment of 
BEAS-2B cells with NPs and cytochalasin-B is not a responsible for underestimation of genotoxic potential, 
but just opposite, probably due to alternative pathway/s of the NPs transport through cell membrane. 

4. CONCLUSION 

In conclusion, NPs and their aggregates of different size were present in cells after the treatment as observed 
by TEM. Their genotoxic potential differed depending on the individual physicochemical properties of the tested 
NMs. Even though the DNA damage level measured by micronucleus assays without blocking of cytokinesis 
was mostly not significant, the simultaneous or delayed co-treatment with cytochalasin-B produced more 
significant increase of micronuclei. Standardized testing strategy should be thus thoroughly verified in future 
studies. 
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Abstract 

Toxicity of TiO2 nanoparticles (NPs) depends on characteristics of NPs such as nanoparticle shape, size, 
crystal structure, zeta potential, aggregation and agglomeration tendency, surface characteristics and 
coatings. However, their effect on toxicity remains unclear due to ambiguous results from different studies. 
The presented study examined the cytotoxic effect of ten diverse TiO2 NPs without photoactivation in human 
monocytic cell lines THP-1 differentiated into macrophage-like cells.  

A set of NPs consists of 5 variants of anatase and 5 variants of rutile nanoparticles differing in their diameter 
(from 3 to 165 nm). TiO2 samples were characterized in the powder form and dispersed in water and cell 
culture media. Three cytotoxicity assays were used: MTS, WST-1, and LDH. For all nanomaterials, three 
independent repetitions were carried out. 

Overall, cytotoxicity of all NPs was low even at the highest concentration of 256 µg/ml. The viability of cells did 
not decrease below 60% for WST-1 and MTS assays and 80% for the LDH assay. Besides concentration, 
crystalline size was identified as the most important cytotoxic factor. Clear nonlinear relationship between 
crystalline size and cytotoxicity was detected; higher toxicity induced NPs within the size range 20-60 nm. 
Increased cytotoxicity in given diameter size range would give an answer to inconsistent findings at size and 
cytotoxicity relationship. 

Keywords: TiO2, nanoparticles, macrophages, cytotoxicity, nanoparticle size 

1. INTRODUCTION 

Titanium dioxide (TiO2) is one of the most widely used material in nanoparticle production. TiO2 nanoparticles 
(particles with diameter less than 100 nm; NPs) possess different and more desirable properties as compared 
to their larger counterparts including enhanced ultraviolet radiation absorption capabilities and photocatalytic 
or colouring properties. They are commonly used in consumer products such as cosmetics, sunscreens, tooth 
pastes, and food [1]. However, concerns have been raised that the same properties may increase NPs‘ 
bioavailability and could be potentially more harmful for human and other organisms than their bulk forms 
which are considered to be inert and safe for human health for decades [2-4]. An evidence exists that TiO2 in 
nanoform is more toxic than bulk material [5] and other recent studies reported that broad using of TiO2 
nanomaterial may not be safe in consumer products [6] or as photocatalysts [7]. Toxicity of TiO2 NPs depends 
on physico-chemical characteristics such as shape, size, crystal structure, zeta potential, aggregation and 
agglomeration tendency, surface characteristics and coatings [8, 9]. However, their effect on toxicity remains 
unclear due to ambiguous results from different studies [10].  

Numerous in vivo studies investigated the distribution of TiO2 NPs in different organs. They revealed that 
intravenous administration of TiO2 NPs in rats mostly led to the accumulation of nanoparticles in liver and 
spleen, probably due to the high population of macrophages in these organs [11,12]. As cleaners of the body 
environment, macrophages play an irreplaceable role in nanoparticle removal, immune response, and 
inflammation development and could be considerably affected by TiO2 NPs exposure.  
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The presented study aims to examine the cytotoxic effect of ten diverse TiO2 NPs without photoactivation on 
human monocytic cell line (THP-1) representing a relevant model of macrophage-like cells. 

2. MATERIALS AND METHODS 

2.1. Nanoparticles 

Different TiO2 nanoparticles used in the study are listed in Table 1. Technical names of NPs based on NPs 
characteristics were derived as follows: 

Anatase/rutile (A/R), size in nm (number), particles (P), no coating/silica coating (-/S)  

Table 1 The physical properties of the nano-TiO2 as provided by the manufacturers 

Technical name Source Declared size Declared crystallinity 

A5P- MK Nano < 5 nm Anatase 

A15P- US Research Nanomaterials 15 nm Anatase 

A30P- US Research Nanomaterials 30 nm Anatase 

A50P- MK Nano 50 nm Anatase 

A100P- MK Nano 100 nm Anatase 

R30P- US Research Nanomaterials 30 nm Rutile 

R30PS US Research Nanomaterials 30 nm Rutile 

R50P- US Research Nanomaterials 50 nm Rutile 

R100P- US Research Nanomaterials 100 nm Rutile 

R165P- US Research Nanomaterials 165 nm Rutile 

2.2. Physicochemical characterization 

TiO2 NPs were characterized in the powder form using following methods: x-ray diffraction (crystallinity), 
thermogravimetric analysis (mass loss) and Brunauer Emmet Teller measurements (specific surface area).  

After dispersion, the size distribution in water and cell culture medium and zeta potential in cell culture medium 
were measured by dynamic light scattering using Malvern Instruments Zetasizer Nano-ZS instrument. 

2.3. Cytotoxicity  

To enhance comparability of our results with data produced by other European laboratories as well as to 
ensure their compatibility with nanotoxicological databases prepared in scope of several ongoing EU projects 
(e.g. NANoREG, COST Action TD1204 MODENA), standardized protocols for cell cultivation, preparation of 
NM dispersion and cytotoxicity assays developed within NANOGENOTOX [13] and NANOVALID projects were 
used. The NANOVALID protocol originally designed for the MTS assay and A549 cells was further modified 
for using of WST-1 and LDH assays, and THP-1 cell line. Both NANOGENOTOX and NANOVALID are EU 
FP7 projects whose major aims include development and exchange of best practices in risk assessment and 
risk management of nanomaterials. Briefly, cells were seeded in 96 well microplates at concentration of 50 
000 cells/well (PMA-differentiated THP-1 cells in RPMI supplemented with 10 % heat-inactivated FBS) 24 
hours before treatment. Each NP stock suspension in ddH2O with 0.05% BSA was prepared by probe 
sonication (400 W and 10 % amplitude, sonicated for 16 minutes in ice bath) [13]. The freshly prepared stock 
suspension at concentration of 2.56 mg/ml was diluted in cell culture medium to reach the highest tested 
concentration of 256 μg/ml. A pre-prepared dosing plate containing cell culture medium with ddH2O and 0.05% 
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BSA was used to promptly perform serial dilution to obtain 6 concentrations ranging from 16 to 256 μg/ml. The 
content of the dosing plate was transferred to the appropriate well of the cell plate.  

Results of the cytotoxic assays were expressed as percentage of negative control. 

3. RESULTS AND DISCUSSION 

3.1. Particle characterization 

Analyses confirmed anatase structure in all samples declared as being anatase by suppliers. However, one of 
the rutile sample (30 nm silicon-coated particles, R30PS) was shown to be a mixture of minority rutile and 
prevailed anatase. The surface area measurements detected lower than expected values for 5 nm anatase 
particles and uncoated anatase 50 nm particles (A50P-) indicating that sizes of these particles are actually 
larger. In contrast, A100P- exhibited larger surface corresponding to smaller particles. Crystallite sizes were 
mainly in accordance with particle diameter calculated for spheres from specific surface area (Figure 1), 
however R30P-, R50P- and R100P- showed smaller crystallite size than expected from specific surface area 
indicating an aggregation/agglomeration issue. Mass losses as measured by thermogravimetric analysis were 
generally low (up to 5%) except for A5P- which was shown to contain chloride compound (probably derivative 
of ethylchloride as derived from thermogravimetric curves). 

Table 1 The physical properties of the NMs 

 Crystal structure 
 Crystallite size [nm] Specific surface area 

[m2/g] 
Mass loss [%] 

 

R30P- rutile 28.3 26.9 0.97 

R30PS anatase 42.4 41.8 1.34 

R50P- rutile 27.9 27.0 0.95 

R100P- rutile 54.4 17.6 0.44 

R165P- rutile 145.1 9.0 0.61 

A5P- anatase 10.1 135.8 13.74 

A15P- anatase 27.2 87.3 4.23 

A30P- anatase 28.3 50.4 2.01 

A50P- anatase 20.6 78.4 3.04 

A100P- anatase 88.3 19.8 0.77 

Majority of the NPs had the biggest hydrodynamic diameter (Z-Avg) at the highest concentration (batch), and 
Z-Avg decreased along with decreasing NPs concentrations in the medium. However, the smallest particles 
(A5P-) behaved differently; in the concentration of 256 µg/ml in the medium they had bigger Z-Avg then theirs 
batch dispersions. After 24h Z-Avgs remained stable or slightly risen except for A30P- which seemed to 
decrease in diameter. However, this decrease is most probably caused by the fact that bigger agglomerates 
settled during the sample stabilisation time and are only detected only in the very beginning of the 
measurement or are not detected at all by the instrument. 

Zeta potential NMs in the medium varied between -13.8 and -22 mV and did not change after 24h. 

3.2. Cytotoxicity of TiO2 NPs 

Overall, cytotoxicity of all NPs was low even at the highest concentration of 256 µg/ml. The viability did not 
decrease below 60% for WTS-1 and MST assays and 80% for the LDH assay (Figure 1). 
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Figure 1 Cytotoxicity induced by TiO2 NMs using three different viability tests (WST-1, MTS, LDH) 

  

 
Figure 2 Relation between crystallite size and viability of different assays 
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Due to inconsistent results between studies dealing with size of nanoparticles and cytotoxic effects, we focused 
on the relation between crystallite size of particles and cytotoxicity. Figure 2 suggests a nonlinear relation; the 
smallest particles had a low cytotoxic effect, then cytotoxicity increased for particles with diameter between  
20 - 60nm, and again there was low cytotoxicity for larger particles. 

Then we built stepwise linear regression models for all cytotoxicity assays to identify physical properties that 
possibly affected cytotoxicity. The only stable significant variable for all linear regression models was 
concentration: 

WST-1 ~ - 0.099 Conc.ug.ml** - 32.42 Crystal (rutile/anatase) * 

MTS ~  - 0.072 Conc.ug.ml **  

LDH ~  - 0.037 Conc.ug.ml ***  

* p-value <0.05, ** p-value <0.01, *** p-value <0.001 

4. CONCLUSION 

We evaluated cytotoxic effect of 10 diverse TiO2 NPs in model macrophage cell line representing cells playing 
a key role in potential interaction, internalization and clearance of TiO2 NPs. Using three different assays we 
thoroughly evaluated the effect of nanoparticles on cell viability. Our results demonstrated a nonlinear 
relationship between toxicity of TiO2 NPs and the crystallite size. We also observed that particles of a size 
between 20 - 60 nm were more toxic while smaller and larger ones exhibited low cytotoxicity. We did not find 
significant difference between anatase/rutile crystallinity of NPs. 
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Abstract  

Easy scale up of production led to an increase in cosmetic industry interest in lipid nanostructures. There are 
currently some liposome formulations on the market and the amount of these products will indoubtedly 
continue to grow. For this, detailed studies about their potential genotoxicity and cytotoxicity are neccesary.  

Presented work deals with preparation and characterization of liposome particles with aqueous and oil extracts 
of plant origin. The aim of this work was to observe cytotoxic and genotoxic effects of prepared liposomes. 

Total phenolics, flavonoids and antioxidant activity of plant extracts were determined using spectrophotometry 
as well as encapsulation efficiency. Stability of liposome particles was evaluated using zeta potential and size 
of liposomes was determined by dynamic light scattering. Potential genotoxic effects of liposomes were 
analysed using SOS Chromotest. Cytotoxicity of liposome particles was observed in human epidermal 
keratinocytes HEK (102-05a).  

Micro- and nanoparticles with encapsulated antioxidant and antimicrobial active compounds can enhance the 
effectiveness of cosmetics and pharmaceuticals. In this work, the potential use of liposome particles with 
natural plant extracts in appropriate concentration was proposed. 

Keywords: Liposome, cosmetics, cytotoxicity, genotoxicity, antioxidant  

1. INTRODUCTION 

1.1. Encapsulation of natural antioxidants in cosmetics 

Many modern cosmetics contain antioxidants as their active agents and as protectors of other ingredients 
against oxidation. Antioxidants can prevent oxidative damage by the chain-breaking of radical scavengers and 
by inhibiting the oxidation reaction [1].  

Phyto-antioxidants consist mainly of phenolic compounds. The structure of polyphenols contains -OH groups 
attached to the benzene ring and is responsible for their ability to inhibit lipid peroxidation (as chain-breaking 
peroxyl radical scavengers). Moreover, phenolic compounds possess anti-inflammatory, antibacterial and 
anitviral functions. However, the effectiveness of polyphenols depends on preserving their bioavailability and 
bioactivity. The utilization of encapsulated polyphenols, instead of free compounds, can effectively prolong the 
stability of the formulation in the production process and storage. Final application of the product, 
concentration, required partice size, release mechanism and manufacturing costs are the main factors that 
influence the selection of appropriate encapsulation technique and carrier material. Lipid-based delivery 
systems could protect and maintain the stability of phenolics. This technology can also contribute to 
improvement of the skin penetration and has protective effects against skin dehydration. Various kinds of lipid 
carriers have been developed and used, such as liposomes, emulsions, solid lipid nanoparticles, etc  
[1,2].  
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1.2. Safety in cosmetics 

In recent years, as engineered nanomaterials have been widely produced and applied, people are increasingly 
exposed to different kinds of manufactured nanoparticles. According to their scale, nanoparticles are provided 
with many unique physicochemical properties, and thereby may pose a hazard for human health [3]. 

Nowadays cosmetic formulation contains nano-sized components, such as nanoparticles. nanoemulsions, 
nanosomes or noisome. These microscopic vesicles consist of traditional cosmetic materials and their scales 
range from 50 to 5000 nm [4]. 

In Europe, the standard reference for the testing of cosmetic ingredients is the SCCP´s Notes of Guidance for 
the Testing of Cosmetic Ingredients and their Safety Evaluation that follows the OECD guidelines for the testing 
of chemicals. Compounds that are classified as mutagenic, carcinogenic or teratogenic are forbidden for the 
use in cosmetic products, according to the cosmetics directive [76/768/EEC]. The most challenging task in the 
risk assessment of nanoparticles in cosmetic products is that nanomaterials cannot be classified as a 
homogeneous group of chemicals but is necessary to address the risks in individual cases. Size distribution, 
surface chemistry and reactivity of nanomaterials with regard to biological tissue must be explored. Uptake of 
nanomaterials by viable skin cells and their genotoxic, proinflammatory or sensitising effects are the main 
concerns about nanomaterials in cosmetic products [5]. 

2. METHODS 

Total phenolics and antioxidant activity of aqueous and oil extracts of plant origin were determined 
spectrophotometrically. Prepared extracts were then packed into liposome particles. Liposomes were prepared 
from mixture of egg lecithin and cholesterol using ultrasonic homogenization.  

The encapsulation efficiency was evaluated spectrophotometrically as well as concentration of phospholipids 
in prepared liposome suspension. For sterile filtration 0.22 mm filter membrane was used. Stability of liposome 
particles was evaluated using zeta potential and size of liposomes was determined by dynamic light scattering.  

Potential genotoxic effects of liposomes were analysed using commercial kit EBPI SOS ChromotestTM. After 
overnight incubation of bacteria strain E. Coli PQ 37, cells were diluted with fresh medium to absorbance of 
0.08 at 630 nm. 100 µl of suspension were transferred into well containing 10 µl of tested compound. Enzyme 
activity was evaluated spectrophotometrically after 2 hours incubation and adding colored reaction solution.  

Cytotoxicity of liposome particles was observed in human epidermal keratinocytes HEK (102-05a). Cells were 
cultured in a serum-free medium containing 1% antibiotics and antimycotics. Cell viability was measured by 
colorimetric MTT assay according to the protocol [6]. After exposure to liposome suspensions and controls for 
24 hours, MTT reagent in PBS solution was applied for 3 hours at 37 °C. Crystals of converted dye were diluted 
in 10% SDS reagent and colour was measured at 562 nm by a plate reader.   

3. RESULTS AND DISCUSSION 

In plant extracts prepared from dried oak bark, clove, oregano and powdered ginger the total amount of 
phenolics, flavonoids and antioxidant capacity was evaluated (Table 1). Antioxidant activity was expressed as 
milligrams of Trolox equivalents per 1 g sample.  

In Figure 1 the comparison of encapsulation efficiency of aqueous and oil extracts into liposomes were 
compared. Both water and oil extracts were encapsulated with very high efficiency except aqueous ginger 
extract. According to characterization of extracts (Table 1), most ginger bioactives are lipophilic.  
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Table 1 Characterization of water and oil plant extracts  

 Oak bark Clove Oregano Ginger 

 
water 

extract 
oil 

extract 
water 

extract 
oil 

extract 
water 

extract 
oil 

extract 
water 

extract 
oil 

extract 

Total phenolics 
[mg/g] 

33.15 
±0.09 

14.04 
±0.05 

10.11 
±0.40 

65.78 
±2.15 

36.47 
±2.16 

32.39 
±0.39 

7.55 
±0.90 

33.52 
±5.45 

Flavonoids 
[mg/g] 

18.33 
±0.07 

20.43 
±1.35 

4.67 
±0.03 

5.49 
±0.11 

22.04 
±0.03 

9.97 
±0.19 

2.32 
±0.01 

31.60 
±2.16 

Antioxidant activity 
[mg/g] 

30.7 
6±1.05 

17.68 
±0.56 

13.75 
±0.42 

7.50 
±0.69 

37.76 
±1.26 

15.21 
±0.46 

9.20 
±0.31 

14.61 
±0.43 

 
Figure 1 Encapsulation efficiency in individual liposomes measured as % of released phenolics 

 
Figure 2 Size and zeta potential of particles 
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Size of liposomes was determined by dynamic light scattering and the stability of liposome particles was 
evaluated using zeta potential. Average size of particles was found in the range of 130 nm to 280 nm. Due to 
their zeta potential ranging from -35 mV to -60 mV, all types of particles were found as stable (Figure 2).  

Cytotoxicity of liposome particles was observed in human epidermal keratinocytes. Liposome concentration 
was expressed as the concentration of lecithin, evaluated spectrophotometrically using Stewart method  
(Table 2). Liposome suspensions were diluted with medium and exposed to cells. 

Table 2 The highest concentration of liposome suspensions exposed to cells 

 Concentration of lecithin [mg/ml] Concentration of phenolics [µg/ml] 

 water extract oil extract water extract oil extract 

Empty liposomes 148 148 - - 

Oak bark liposomes 191.5 132 274.5 309.0 

Clove liposomes 120 65.5 73,5 2056.5 

Oregano liposomes 157 144 265.5 579.0 

Ginger liposomes 221.5 175 3.5 1927.0 

It was found that neither aqueous nor oil plant extract liposomes are toxic for human epidermal keratinocytes, 
except of liposomes with encapsulated ginger extracts (Figure 3 a 4). Despite unexceptionable antimicrobial 
effects of ginger, its use in cosmetics product has to be further clarified due to its potential cytotoxic effects. 

 
Figure 3 Cell viability after treatment with water extract liposome particles 
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Figure 4 Cell viability after treatment with oil extract liposome particles 

Potential genotoxic effects of aqueous and oil plant extracts as well as liposome suspensions were evaluated 
using commercial SOS Chromotest kit. Specific activity of β-galactosidase was determined 
spectrophotometrically after 2 hours incubation with samples. Genotoxic potency of samples was expressed 
as the induction factor IF, that was calculated as a proportion of β-galactosidase specific activity of a sample 
and negative control. IF value of 1.5 is considered as a critical threshold for labelling substance 
as genotoxic [7]. It was found, that neither aqueous and oil extracts nor particles show any genotoxic effect. 

4. CONCLUSION 

Liposome formulation with antioxidant compounds can contribute to the protection of a skin against the free 
radical stress. Lipid-based delivery systems help to protect the stability of phenolics and participate in 
improvement of the skin penetration. However, lipid nanostructures are provided with unique physicochemical 
properties and may pose a hazard for human health. Therefore assessment of potential cytotoxic and 
genotoxic effects of these formulations is necessary.  
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Abstract 

The article describes the preparation of samarium oxide nanoparticles (nano Sm2O3) via thermal 
decomposition of a transient complex formed in situ from Sm(NO3)3·6H2O and glycine and its acute aquatic 
toxicity to Chlorella vulgaris. The resulting nanoparticles were characterized by X-ray powder diffraction 
analysis, which showed the Sm2O3 nanoparticles to be with the crystallite size of 11 nm. Morphology of the 
Sm2O3 nanoparticles was examined by scanning and transmission electron microscopy. Electron diffraction 
observed in transmission electron microscopy corresponds to the results obtained from X-ray diffraction 
analysis. The elemental composition of the product was confirmed by EDS analysis. Freshwater green algae 
(C. vulgaris) served as a model organism for evaluation of acute aquatic toxicity. Effective concentration of 
toxicity EC50 was determined for the concentration of 2.43 gr.l-1,of Sm2O3 nanoparticles in the fresh water green 
algae strain. 

Keywords: Thermal decomposition, acute aquatic toxicity, algae Chlorella vulgaris, samarium oxide  
        nanoparticles (nano Sm2O3) 

1. INTRODUCTION 

Lanthanide oxides have gained a lot of attention due to their diverse use for applications such as in the optical 
materials, nuclear industry, lasers, and electronics [1]. One of the significant rare earth oxides is Sm2O3, due 
to its physical properties, such as wide band gap (4.33 eV) and high refractive index (1.93) [2]. Sm2O3 
nanoparticles are thermally stable and are used in semiconductors, solar cells, infrared absorbing glass, 
catalysts, and in biological and of gas sensors [3,4].  

Currently, the increasing production and usage of Sm2O3 nanoparticles for various industrial applications 
raised questions and concerns about their impact on human health and environment [5]. To date, relatively 
low amount of information has been gained on bio-accumulation and its influence on animals, plants, human 
health and the environment in general. Available literature dealing with these influences is mostly limited to 
samarium nitrate [6,7], samarium chloride [8,9] and samarium oxide in bulk form (particle size of about 5 µm) 
[10]. 

Consequently, the aim of the work was preparation and characterization of Sm2O3 nanoparticles and 
evaluation its acute aquatic toxicity to freshwater green algae Chlorella vulgaris.  

2. EXPERIMENTAL 

2.1. Synthesis of samarium oxide nanoparticles 

Demineralized water from the column Demiwa 10 (Watek) was used for the preparation of solutions. Samarium 
nitrate (Sm(NO3)3∙6H2O) was purchased from Sigma Aldrich company (Germany) in reagent grade quality and 
glycine (NH2CH2COOH) was purchased from Lachner (Czech Republic) in p. a. quality. 
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Samarium oxide nanoparticles (nano Sm2O3) were prepared by the thermal decomposition of the complex 
formed by the salt Sm(NO3)3∙6H2O and glycine (NH2CH2COOH). The reaction protocol was used as in previous 
studies [11, 12]. The following scheme illustrates synthesis of Sm2O3 nanoparticles: 

Sm(NO3)3∙6 H2O (s) + NH2CH2COOH (s)   
600 °C, 1 hour

‐‐‐‐‐‐‐‐‐‐>
- N2 (g), CO2 (g), H2O (g)

    Sm2O3 (s) .                                           (1) 

The yield of the chemical reaction was determined to an average value of 55.43 % (0.45 g).  

2.2. Characterization of samarium oxide nanoparticles 

X-ray powder diffraction analysis was performed using the X-ray diffractometer Ultima IV Rigaku (Rigaku, 
Japan), operated at 40 kV and 40 mA with CuKα radiation (reflection mode, Bragg-Brentano arrangement, 
scintillation counter). The XRD patterns were recorded in the 10 - 70° 2θ range with a scanning rate of 2 °/min. 
The samples were placed in a ground glass depression in the sample holder and flattened with a glass slide. 
X-ray beam was demarcated by 2/3° divergence, 10 mm divergent height limiting, 2/3° scattering, and 0.6 mm 
receiving slits. Phase analysis was evaluated by database PDF-2 Release 2011. Graphic processing of XRD 
pattern was made using OriginPro8. The Sm2O3 reflection of the (222) plane was used to determine crystallite 
size using the Scherrer formula [13] 

퐿 =
퐾 ∙ 휆

훽 ∙ cos 휃 ,                                                                                                                                                                                   (2) 

where K (K = 0.94) is the factor of microstructure, β is the full-width at half-maximum (FWHM), λ is the 
wavelength of radiation, and θ is the diffraction angle. 

Scanning electron microscope MAIA3 (TESCAN) - ultra-high resolution SEM with Schottky field emission 
cathode - was used for electron micrographs and EDS analysis. Images were taken by using a combination of 
InBeam SE and Low-Energy BSE detector at 1.7 kV. EDS analysis was performed with X-MaxN 150 (Oxford 
instruments) and the EDS data were processed in AZtec software. Furthermore, the product morphology was 
also observed by scanning electron microscope Quanta 450 FEG (FEI). Images were taken by SE detector at 
15 kV. 

Product morphology and electron diffraction was also observed by transmission electron microscope 
JEOL1200EX at 120 kV. Powder sample was stirred in distilled water and an appropriate specimen amount 
was placed on copper grid with carbon film. 

2.3. Acute aquatic toxicity bioassay 

Acute aquatic toxicity test was done according to the ČSN EN ISO 8692 Standard [16] and OECD Guideline 
201 [15]. The aim of the test was to determine the median inhibition concentration EC50, i.e. the concentration 
of a toxicant which causes 50 % inhibition of algal cells growth in comparison with control [16]. As detection 
organism for the evaluation of toxicity, Chlorella vulgaris (Institute of Botany of the Academy of Sciences of 
the Czech Republic in Třeboň), freshwater green algae, was used. 

Toxicity tests were conducted with 3 days old algae culture. Before the test, number of cells was counted using 
light microscope Olympus CX31 (Olympus) and Bürker chamber and the added volume of culture at the 
beginning of the toxicity test to the suspension of nutrient medium and nanoparticles of Sm2O3 was calculated. 
In the beginning toxicity tests suspension of Sm2O3 nanoparticles with concentration 2.5 g·l-1 were prepared. 
The prepared suspension was diluted to the selected concentrations: 2.5 g·l-1, 2.0 g·l-1, 1.5 g·l-1, 1.0 g·l-1, 
0.5 g·l-1. Due to the validity of the tests, two parallel tests were carried out at the same time. When the pH of 
the tested samples did not match within the physiological range (8.3 ± 0.2), it was adjusted with 1 mol·l-1 
solutions of sodium hydroxide (NaOH) or hydrochloric acid (HCl). The samples prepared for the toxicity tests 
were placed in the conditioned box APT.lineTM KBW (E5.1) with temperature (23 ± 2) °C, with 24 hours 
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exposure to daylight on a horizontal shaker KS 260 Basic (IKA) with (125 ± 25) rpm. Toxicity tests were 
performed over a period of (72 ± 2) hours. At the end of the test, the cells were counted using light microscope 
and Bürker chamber and growth inhibition (EC50) from the number of cells was determined.  

3. RESULTING AND DISCUSSION 

3.1. Characterization of the prepared sample 

The thermal decomposition of the complex produced light white product. The XRD pattern in Figure 1A shows 
the single phase of Sm2O3 (PDF card No. 01-086-2479) with cubic crystal structure. The crystallite size of 
reflection (222) plane was about 11 nm. The results from XRD correspond to the results electron diffraction 
(Figure 1B) observed in transmission electron microscope. 

 

Figure 1 X-ray powder diffraction pattern (A) and electron diffraction patterns (B) of the prepared 
nanoparticles 

EDS (Figure 2A) confirmed the presence of samarium and oxygen in the prepared sample. From the SEM 
images (Figure 2B) it can be seen that Sm2O3 nanoparticles, due to influence of the electrostatic forces, 
organize aggregates. The network configuration of sample can be observed at the lower magnification. At the 
higher magnification, it can be seen that the sample appears as porous mousse with meso- and macro-pores. 
The structure of the sample is strongly influenced by the reaction mechanisms however detailed description 
and explanation of this phenomenon is under current investigation. 

A) B) 
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Figure 2 EDS spectrum of the sample (A) and SEM images of the sample at different magnifications (B) 

From the bright field TEM image (Figure 3A) aggregates with net-like morphology of the sample can be 
observed. The dark field TEM image (Figure 3B) show crystals which aggregate. Further, the results from 
TEM are consistent with the results from scanning electron microscopy.  

    

Figure 3 TEM images of the sample at bright field (A) and dark field (B) 

A) B) 

A) 

B) 
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3.2. Acute aquatic toxicity 

Toxicity tests were evaluated after exposure of (72 ± 2) hours. Effective concentration of toxicity (EC50) was 
determined from the acquired experimental data (Table 1). EC50 was subtracted from the biomass growth 
curve inhibition in % to a concentration of the sample in g·l-1 (Figure 4). The parameter EC50 was determined 
for the concentration 2.43 g·l-1 of Sm2O3 nanoparticles to freshwater green algae C. vulgaris. 

 

Figure 4 Biomass growth inhibition curve of Sm2O3 nanoparticles 

Table 1 The values of biomass growth inhibition for the selected concentrations of Sm2O3  
    nanoparticles 

Dose (concentration of nano Sm2O3) [g·l-1] Inhibition [%] 

2.5 53.38 

2.0 34.91 

1.5 30.59 

1.0 26.55 

0.5 21.54 

4. CONCLUSION 

Sm2O3 nanoparticles with crystallinity size of 11 nm were prepared by the thermal decomposition of the 
complex created by Sm(NO3)3·6H2O and glycine. Consequently, acute aquatic toxicity to freshwater green 
algae (C. vulgaris) of the prepared Sm2O3 nanoparticles was evaluated for acute aquatic toxicity to freshwater 
green algae (C. vulgaris). It was found that 50 % inhibition of algal growth in culture is caused by the 
concentration of 2.43 g·l-1 of Sm2O3.  

The increase of toxicological studies of compounds and nanomaterials containing samarium is evident, 
however there is heterogeneity in the used methods and obtained results. Especially there is a lack of 
information about the toxicity of Sm2O3 nanoparticles to freshwater green algae. Toxicity of Sm2O3 nanoparticle 
on algal cultures Desmodesmus subspicatus and Raphidocelis subcapitata was described in our previous work 
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[11]. Where EC50 was determined equal to 1.73 g·l-1 for Desmodesmus sp. and 0.65 g·l-1 for Raphidocelis sp. 
from a comparison of EC50 factors is clear that, freshwater green algae C. vulgaris is the least sensitive to 
Sm2O3 nanoparticles than Desmodesmus sp. and Raphidocelis sp. 

It is evident that an inseparable part of the evaluation of the toxicity of nanomaterials is the characterization of 
their physicochemical properties, because this knowledge is important for comparability between studies. 
Hereinafter, for the future it is important to evaluate of toxicity to other detection organisms, because each 
organism reacts differently to the same toxicant. Finally, it is important to establish proper methodology for 
evaluation of the toxicity of nanomaterials, which are not currently sufficient in comparison with conventional 
methods to assess the toxicity of other materials. 
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Abstract 

Toxicity of any substance is determined by its physico-chemical properties and tissue exposure. In the case 
of nanoparticles (NPs), the relevant properties include the size, aspect ratio, surface charge, chemical 
composition etc.; the tissue exposure represents the NPs’ concentration and exposure duration. The HISENTS 
project aims to develop a platform of integrated modules for nanotoxicity screening. The PBPK model is an 
integral part of the platform as it provides information on the tissue exposure to nanomaterials via their ADME 
(absorption, distribution, metabolism, and excretion) behaviour. For this reason, a simple perfusion rate-limited 
PBPK model requiring only one NP-specific parameter per tissue was developed. The model treats all tissues 
as well-stirred compartments and the rate of NP exchange is only limited by the tissue perfusion. The model 
was calibrated against in vivo data for nano-TiO2 and, despite its simplicity, gave a reasonable agreement 
between predicted and measured NPs concentrations in the tissues. The main advantage of the model is that 
the biodistribution of NPs is described using only thermodynamic parameters (partition coefficients) which can 
be estimated from equilibrium responses of the individual modules.  

Keywords: Nanotoxicity, pharmacokinetics, modelling  

1. INTRODUCTION 

Toxicity of any substance is determined by its physico-chemical properties and tissue exposure. In the case 
of nanoparticles (NPs), the relevant properties include the size (aspect ratio), surface charge, chemical 
composition etc.; the tissue exposure represents the NPs’ concentration and exposure duration. Thus, any 
adverse response observed in a living organism is related to delivered dose (that is, NPs amount in the target 
tissue) rather than to the total dose administered [1]. In other words, the delivered dose is the amount of 
toxicant available for interaction with tissues. 

The phenomenon of NPs transportation and interaction within a living system is complicated and still poorly 
understood. The tissue exposure, distribution, and the time course of NPs amount can be predicted using a 
physiologically based pharmacokinetic (PBPK) model which determines the delivered dose based on the rate 
of absorption, distribution, metabolism, and excretion (ADME). In contrast to classical compartmental 
pharmacokinetic analysis, the PBPK model is built from realistic physiological elements (tissues, organs) which 
are interconnected with blood so that the model structure resembles anatomy of mammals [2]. 

The HISENTS project aims to deliver an integrated platform for nanotoxicity screening. The PBPK model is an 
integral part of the platform as it provides information on tissue exposure to nanomaterials via their ADME 
behaviour. The individual sensor modules (RNA, DNA, biomembrane, lung, gut, kidney, liver, and placenta) 
are designed so they provide response related to a particular damage. However, toxicity (or safety) of any 
substance cannot be judged solely on basis of this response. For example, certain NPs may trigger a response 
(damage) when directly applied to a specific cell culture in vitro while an in vivo test carried out with the same 
nanomaterial can lead to a negative result since the NPs would not reach the cells at all. Also, the opposite 
may be the case: the tissue in vitro does not give any short-term response upon NPs exposure, only extensive 
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NPs accumulation is observed in vivo which could be harmful on a larger time scale. The tissue exposure can 
be predicted using the PBPK model which is an essential tool for the toxicity assessment. In this paper, a 
minimal PBPK model for nanoparticles biodistribution is presented and calibrated against in vivo data.  

2. THEORY 

In the PBPK models, the transportation of NPs is assumed to follow simple first-order kinetics. Applying the 
mass balance principle to compartments (i.e., tissue or organ), the change of NPs amount (A, usually 
expressed as NPs mass) can be written as 

 in out
d ( ),
d
A F c c
t

  (1) 

where F is the blood flow rate through the compartment and cin and cout is the NPs concentration in inflowing 
and outflowing blood, respectively. For organs with elimination (liver and kidneys), an additional term 
representing excretion should be included. PBPK models used in drug discovery and toxicology assume either 
perfusion rate-limited or membrane-limited kinetics. The blood flow-limited model assumes that NPs 
transportation into (and from) tissues is very fast, and blood and tissue NPs concentrations equilibrate almost 
instantly. Such an assumption applied to equation (1) leads to a differential equation [1] 
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where “bl” subscript relates to blood, V is the compartment volume and Rt:bl is the tissue-blood partition 
coefficient which corresponds to ratio of NPs concentration in blood to that in tissue at equilibrium. Equation 
(2) implies that in the perfusion rate-limited model, the transportation of nanoparticles into one tissue depends 
on its blood supply (F) and on NP-tissue affinity (Rt:bl). Thus, a great advantage of the rate-limited models over 
the membrane-limited ones resides in a fact that a kinetic phenomenon is modelled using a physiologically 
determined parameter (F) and a thermodynamic parameter (Rt:bl). On the other hand, membrane-limited 
models assume that there is a membrane whose permeability is the rate limiting factor for NPs transportation. 
In this approach, each organ is represented by two interacting parts (vascular and extravascular compartment) 
which are separated by capillary wall membrane. The membrane-limited model consists from a system of two 
differential equations per organ/tissue [3]: 
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Compared to the perfusion rate-limited model, an additional parameter describing the membrane permeability 
(permeability-surface product, PS) is needed. Thus, for each organ there is a physiologically determined 
parameter (F) and two NPs-specific parameters (partition coefficient Rt:bl and membrane permeability-surface 
product PS).  

For some NPs, it might be the case that the blood-tissue barrier or transport within the tissue is the rate-limiting 
step since we are dealing with relatively large nanoparticles compared to dissolved small molecules [4]. 
Moreover, the parameter Rt:bl appearing in both flow-limited and membrane-limited models can hardly be 
considered the “classical” blood:tissue partition coefficient as NPs are insoluble in both blood and tissues [5]. 
Within the HISENTS platform, application of the membrane-limited model could bring about some 
complications. First, the modules of the HISENTS platform are not expected to reflect the tissues to the 
similarity level that would allow modelling of different types of capillary wall membrane. Moreover, such an 
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approach would require determining two independent parameters (Rt:bl and PS) per module and NP type, which 
may not be experimentally feasible. Our literature overview suggests that there is a lack of in vivo experimental 
data of sufficient quality supporting the inadequacy of perfusion rate-limited models to NPs biodistribution and 
such conclusions are frequently based only on theoretical grounds. In fact, most in vivo studies show that after 
intravenous administration the NPs are almost immediately cleared from blood and distributed to the tissues. 
Another possible interpretation of capillary wall membrane effect on NPs pharmacokinetics is that it can act as 
a “cut-off” filter whose permeability strongly depends on NPs dimension. 

2.1. PBPK model design 

For a whole-body PBPK model, all the major tissues and organs should be included in the model structure to 
ensure its versatility. Further, mass conservation principle should be incorporated in the PBPK model even 
though not all tissues are included (for example, muscles, skin, and adipose tissue are only rarely 
incorporated). A generally adapted solution resides in adding a compartment (usually called “remainder”) that 
consists of all the tissues and organs not modelled as individual compartments.  

A perfusion rate-limited PBPK model with 8 compartments was build; its schematic representation is depicted 
in Figure 1. All the important tissues/organs are connected in parallel to the central compartment (blood). The 
model assumes that liver and kidneys are the only possible sites for NPs excretion. The mass-balance 
differential equation for the blood compartment is 

    bl bl  bl
bl

bl

d d
,

d d
j

i j
j ji j

A c AA
V F F

t t V V R
 (4) 

where, referring to Figure 1, the summation indices are i = (bones, intestines, spleen, liver, kidneys, lungs, 
remainder) and j = (bones, intestines, liver, kidneys, lungs, remainder).  

 

Figure 1 A perfusion rate-limited PBPK model used for calibration with in vivo NPs distribution data 

The mass-balance differential equations for other compartments and excretory pathways can be derived in a 
similar manner: 
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The mammillary PBPK model consists of central blood compartment with all peripheral compartments 
connected in parallel; the only exception is spleen whose output is connected to liver in a similar manner as 
the portal vein in mammals. As already mentioned, in vivo data on NPs biodistribution suitable for PBPK 
modelling are relatively scarce; notable examples for TiO2 NPs are [6, 7], for Ag NPs [8], for PEG-coated Au 
NPs [9], for graphene oxide NPs [10], and for PEG-coated polyacrylamide NPs [11]. 

2.2. Model calibration and testing  

Suitability of the PBPK model defined by equations 4-5i was tested against TiO2 biodistribution data in mice 
[6]. The physiological parameters (blood flow and organ masses) were taken from [12]. The computational 
model was implemented in the R language; the system of differential equations 4-5i was integrated 
numerically; the model parameters were optimized to data using the Nelder-Mead method. The objective 
function defined as 




exp PBPK 2
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2
,

[ ]m n m n

m nn m

A A
S

s
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corresponds to the weighed total sum of squares; the m and n indices specify the NPs amount A in m-th tissue 
at the n-th time point. The results are graphically summarized in Figure 2 and the corresponding PBPK 
parameters are listed in Table 1.  

Table 1 Best fitting parameters of the perfusion rate-limited PBPK model (TiO2 data from ref. [6]) 

Rbo Rin Rsp Rli Rki Rlu Rre CLbile (kg h−1) CLurine (kg h−1) 

35.1 1.76 885 1260 7.61 53.7 22.2 1.04 ∙ 10−6 9.01 ∙ 10−5 

From Figure 2 we can see that the model, despite its simplicity, describes the experimental data satisfactorily 
and captures all the important trends. The main sites of TiO2 NPs accumulation (spleen and liver) 
correspondingly have by far the highest values of the partition coefficients (Table 1) which are one or two 
orders of magnitude higher than those of other organs. The data also demonstrate how quickly the NPs are 
cleared from the bloodstream and distributed among the tissues. After the liver, the second highest tissue 
burden can be found in the remainder which has a relatively low partition coefficient but its mass corresponds 
to more than 80 % of the total body mass. 
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Figure 2 PBPK model applied to TiO2 biodistribution data [6]. In all plots, the horizontal axis corresponds to 
the time after TiO2 administration (in days). Data for urine were excluded due to a possible detachment of a 

radioactive label from NPs (see ref. [12]) 
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3. CONCLUSION 

A simple perfusion rate-limited PBPK model requiring only one NP-specific parameter per tissue was built. The 
model treats all tissues as well-stirred compartments and the rate of NP exchange is only limited by the tissue 
perfusion. The model was calibrated against in vivo data for nano-TiO2. Despite its simplicity and minimum 
number of adjustable parameters the model gave a reasonable agreement between predicted and measured 
NPs concentrations in all the tissues under study. The main advantage of the model is that the biodistribution 
of NPs is described using only thermodynamic parameters (partition coefficients) whose values can be 
estimated from equilibrium responses of the individual “organ-on-a-chip” modules.  
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Abstract  

This work reports on two novel SPM methods which both use tailored dual AFM tips. The first method, so 
called dual-tip magnetic force microscopy (DT-MFM), is based on two-pass scanning with switching 
nonmagnetic and magnetic tip during the scan. Thanks to segregation of topological and magnetic scans using 
two different tips this technique reduces invasion of high local magnetization of the tip apex and is suitable for 
soft magnetic sample. The second method, so called dual-tip force spectroscopy (DT-FS), is based on special 
dual-probe for bio-applications to study the mechanical properties of cells. It consists of two cantilevers; one 
having a sharp tip, the other having a spherically blunted tip. The sharp tip is used for topography imaging with 
high resolution, while blunt tip is used for measuring of force distance curves. The larger area of probe-cell 
contact results in averaging local variation in the cell rigidity compared to the one measured with a regular 
sharp probe. The switching between sharp and blunt tip is realized by means of integrated magnetostrictive 
actuator. 

Keywords: AFM probes, dual-tip, magnetic force microscopy, force spectroscopy 

1. INTRODUCTION 

Since its invention in 1986 [1], the atomic force microscope (AFM) has proved its versatility in various fields of 
application. Besides its primary function, topography imaging, nowadays we can use the dozens of different 
scanning modes which we call as a Scanning probe microscopy (SPM). The heart of an SPM consists of a 
sharp tip placed at the end of a single cantilever. Modifying the tip (chemically or physically) allows various 
properties of the sample surface to be measured. For this purpose a large variety of commercial tips are 
offered. In general, each technique uses single probe, i.e. one tip on single cantilever which limits overall 
performance. In order to enhance speed or versatility of SPM there have been a few reports, on dual/multi 
cantilevers for various purposes. For example, a dual silicon cantilever device with a bimorph actuator was 
developed to reduce the tip-wear problem [2]. Similarly, dual cantilever probes were used for in-situ imaging 
and mechanical operation for cutting of bio-molecules [3, 4]. Many other groups published works on multi-
cantilever-probe systems. The parallel arrays has been used for imaging and lithography [5, 6, 7], data storage 
applications [8, 9], and parallel spectroscopy [10]. 

This work reports on two novel SPM methods which both use tailored dual AFM tips. The first method was 
developed to measure magnetically soft samples. The perturbation of stray field of the magnetic tip was 
minimized. In the second experiment, a special dual-probe was developed to measure high resolution 
topographies by a sharp tip and mechanical properties by a spherical tip. 

2. DUAL-TIP MAGNETIC FORCE MICROSCOPY 

2.1. Principle and fabrication of DT-MFM  

Standard magnetic force microscopy (MFM) is two-pass method, i.e. within the first step magnetic tip takes 
topography and next, in the second step, the tip is lifted up to a constant height  (~ 20 -100 nm), to lower van 
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der Waals forces and to image magnetic forces. The magnetic contrast is obtained via the evaluation of the 
phase shift of the vibrating cantilever, and its value corresponds to the tip-sample magnetic interaction [najdi]. 
The main disadvantage of the standard two-pass magnetic force microscopy (MFM) method is that the 
magnetic tip is within the first pass in very close contact with the magnetic sample explored. This is not suitable 
when soft magnetic samples are scanned. To avoid the sample touching, we have developed dual-tip magnetic 
force microscopy (DT-MFM). Within the method, instead of using one tip for both, topography and magnetic 
scanning, we use dual-tip with separated functionalities - one is for topography, and the second one for the 
magnetic scanning. Two tips are in fixed distance and fill separate roles - one is used for the topography only, 
and the second one for the magnetic-field mapping only. The tips imagine regions distant e.g. from 100 nm to 
2 µm - the pitch is defined by the fabrication process. The method is suitable for flat surfaces, i.e. to explore 
effects in ferromagnetic layers, or in thin magnetic patterned objects. The DT-MFM also is based on a two-
pass scanning. The idea of the DT-MFM scanning is explained in the Figure 1(a). Within the first pass the 
non-magnetic tip Tip1 oscillates at its resonance frequency f1, scans the sample-surface in tapping mode and 
evaluates the topography in the region at the distance of Δx apart from the magnetic tip. In the second pass 
the magnetic tip Tip2 oscillates at its resonance frequency f2, and scans the magnetic field in close proximity 
to the surface without it’s touching. The distance dm between the magnetic tip and the sample is defined by 
the dual-tip height difference, and by the sample profile below the Tip1 and Tip2. The distance dm is defined 
within the fabrication process can be tuned also by setting the lift distance or by the Tip2 oscillation amplitude. 

  

Figure 1 Principle of the dual-tip MFM technique. (a) Topography in the first-pass is performed by 
nonmagnetic Tip1 at the resonant frequency f1, and the phase shift is evaluated by magnetic Tip2 at the 

resonant frequency f2. SEM pictures (b), (c), (d) show the fabrication process of the dual-tip by FIB - (b) tip 
after Py evaporation onto one of the tips sidewalls (top-view at the end of cantilever), (c) beam and tip after 
splitting into half using FIB, and (d) is detailed view of the very end of the dual-tip - non-magnetic (left) and 

magnetic (right) 

The dual-tips were prepared as follows. First, magnetic layer (Permalloy (Ni81Fe19; Py)) was evaporated onto 
one sidewall of the tip (commercial tip NSG01) under the specific angle to create Py ferromagnetic triangle 
(b)), which holds single domain magnetic state during the scanning [11]. Mechanical stress between the Py 
layer and the tip was partially eliminated by a 5-nm Au seed layer (e-beam evaporation of Au prior to the 
evaporation of the Py layer). In the next step, focused gallium ion beam microscope (FIB) was used to cut the 
tip and the beam into two separated tips and beams - one magnetic with the Py triangle prepared as described 
above, and the non-magnetic one. Figure 3(c) shows the overall view onto the final dual-cantilever with the 
dual-tip located at the end of the beam. The beams shown have resonant frequencies f1 = 168 kHz and f2 = 
173 kHz, respectively. Figure 1(d) shows the detail of the tips apexes. The right tip, the shorter one, is the 
magnetic one, covered with 15-nm-thick Py layer on its right side. The Py thickness was optimized in our 
previous work [12]. The left tip is non-magnetic, located 500 nm apart from the magnetic one.  

(a) (b) (c) (d) 
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2.2. Results and discussion 

As mentioned above, standard MFM technique performed on soft magnetic objects often demonstrate the 
occurrence of the tip-induced perturbations. Therefore, the functionality of our dual-tip MFM method we have 
tested by scanning the magnetically soft object, Py submicrometer-sized elliptical object. The 40-nm thick 
ellipses were fabricated by electron beam lithography (EBL) using PMMA resist, Py deposition and lift-off 
process. Our tests were realized on the Py ellipse of the dimensions of 400 nm x 800 nm (topography shown 
in Figure 2(a)) with the ground magnetic state with one vortex located in its centre. All MFM experiments were 
performed by the same scanning system NTegra Prima (produced by NT-MDT co.).  

The comparative test started with standard MFM method and commercial tip (MESP from Bruker) at different 
lift distances and scanning directions. Figures 2(b), (c) show typical magnetic images of the ellipse obtained 
in the scans in the horizontal (b) and the vertical (c) directions. The scans were done at the lift distances 30 
nm and 60 nm, respectively. Similarly to Ref. [13], the tip changes the magnetic state of the ellipse during the 
scanning in both of the scanning direction. Obtained magnetic images are strange, the tip perturbations mix 
the magnetic states drastically, so one can hardly recognize the ground or other magnetic states of the ellipse. 
Also, it is impossible to distinguish the influence of individual passes onto the images.  

After measurements by standard MFM method we scanned the same Py ellipse by DT-MFM method  
(Figures 2(d), (e)). In both of the Figures 2(d), (e) we can see typical magnetic contrast for ellipse with one 
vortex located in its centre [13] (right part of the figures). In the left part of the images, residual picture of the 
van der Walls forces from the topography Tip1 is visible - magnetic and van der Walls forces are delocalized. 
In the first pass the amplitude of the beam 1 was set to 30 nm, and in the second-pass the oscillation amplitude 
of the beam 2 was set to a smaller value, ~ 10 nm. The improvements of the magnetic images shown in the 
Figure 2(d), (e) as compared to Figure 2(b), (c) are evident. The magnetic images collected in the DT-MFM 
mode miss any perturbations. The difference of the two modes is crucial and is coming from the tapping part 
of the scan (in the MFM pass are the conditions in both methods equivalent). 

      

Figure 2 (a) Py ellipse with dimensions 400 nm x 800 nm, thickness 40 nm. Typical magnetic images of the 
ellipse using standard two-pass MFM method and MESP tip in horizontal (b) and vertical (c) directions, at lift 
distances 30 nm (b) and 50 nm (c). The images show typical tip-induced perturbations. MFM achieved by the 
dual-tip method in horizontal (d) and vertical (e) directions at the lift distance 50 nm. Right parts show typical 
phase shift in elliptical pattern imaged by the magnetic tip, left parts in both figures show the residual of the 

van der Waals forces depicted by the topography tip. 

3. DUAL-TIP FORCE SPECTROSCOPY 

3.1. Principle and fabrication of DT-FS  

AFM is widely used in biology, in particular, to study cells [14]. It provides true 3D surface topographical 
information as well as recording of complete force distance curves (FDC). From FDC we can obtain various 

d 

(a) (b) (c) (d) (e) 
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biophysical properties of materials, such as elasticity, adhesion, hardness, friction, etc [15]. During cell 
measurement one can meet with the major problem caused by the fact that cells are soft and a possible AFM 
tip penetration could be quite large. The tip penetration is typically much larger than the radius of the tip apex. 
The next problem connected with sharp AFM tips is the relatively small contact area. Due to the 
inhomogeneous cell surface measured rigidity could vary in a wide range. One should make a large number 
of force measurements to obtain sufficient reliable data. Solution for the above mentioned problems lies in 
using well defined spherical tips. The larger area of probe-cell contact results in averaging local variation in 
rigidity compared to the one, measured with a regular sharp probe. Therefore, measurement time become 
shorter. The well-defined tip geometry is important for regular evaluation of FDC. Such spherical probe can be 
made by gluing a colloidal spherical particle to the AFM cantilever. Spherical microbeads are made from glass, 
polystyrene, or PMMA with typical diameter of 1 - 5 micrometres. Preparation of spherical tips is extremely 
difficult, time consuming and micromanipulator is needed for this purpose. Because of the small bead size 
there is also a risk that glue can flow over and contaminate it. This may result in an irregular bead shape and 
thus undefined surface geometry. There have only been published few works related to the topic of preparing 
blunt spherically-shaped tips. However, a disadvantage of the larger tip radius is loss of image resolution. Here 
we propose novel method which uses dual-probe to fulfil above mentioned issues. In the first step surface 
topography is taken with the sharp tip. Then points of interest can be defined in the scan image. Subsequently, 
the tip with larger radius is used for performing FD curves.  

The dual-probe was fabricated by FIB similar to the above-mentioned DT-MFM probe. We modify commercial 
tip NSC35 from Mikromasch co. The cantilever and tip was cut asymmetrically, so after splitting by FIB, one 
tip was small and other a bit larger (Figure 3(a)). Next, the larger tip was milled from the side to create a 
plateau at its top (Figure 3(b)). The different milling pattern was used for sharpening and blunting process. 
The small tip was sharpened by simple annular-shaped patterns around the tip apex, etching only a small area 
of the tip. To get a blunted spherically-shaped tip we had to find proper etching pattern. Figure 3(c) shows 
optimized grayscale pattern where colour of pixels is gradually changed from outer area to the center. White 
colour corresponds to highest etching speed while black colour represents no etching.  

  

Figure 3 (a) Commercial AFM probe after splitting by FIB, (b) tip apex has to be cut prior to forming into 
spherical shape, (c) mask pattern used for to form sphere at the large tip 

While the sharp tip is being measured, the blunt tip must be displaced away to not touch the sample surface. 
Switching between cantilevers is realized by means of integrated thermal actuator. Aluminium meander 
defined on cantilever with blunt tip provides bimorph effect needed for cantilever bending. The meander was 
defined by electron beam lithography, Al evaporation and lift-off process. To realize EBL direct on cantilever 
we used our special technique for deposition PMMA rezist on cantilever [16]. 

3.2. Results and discussion 

Figure 4 shows two examples of final dual-tip probes after sharpening and blunting process. We have found 
that ion beam current of 100pA at acceleration voltage of 30kV gives optimal compromise between etching 

(a) (b) (c) 
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time and precision of shaping process. Sharpening process allows for preparation of tips with a sub-100 nm 
curvature diameter. In addition, it is possible to achieve a better aspect ratio than the original tip had before 
sharpening. Blunting process allows to set the tip curvature diameter in a range of 100 nm - 5000 nm. It is 
worth mentioning that a commercial tip with eight sidewalls (tip having a octagonal base) is easier to form into 
spherical shape than pyramidal four-sided (deltoid-shape base) tips. As can been seen from Figure 4 the end 
of blunted tip was not shaped into an ideal hemisphere. However, this is not needed for FDC measurements. 
What is important for FDC is that the tip apex is nicely spherically rounded with a flat surface. The second 
requirement is that the depth of penetration into cells is less than the tip radius. Thus Hertz model can be apply 
for FDC evaluation (calculation of Young's moduli of cells or stiffness across the cell). Our blunted tip meets 
both above mentioned requirements for penetration depth up to 300 nm. The calibration grating TGG1 was 
used for tip curvature characterization of the blunted tip. As the blunted tip was scanned across the sharp 
edges of the grating, thanks to the convolution effect, we can see real shape of the tip in tested AFM image. 
Figure 5(a) shows AFM profile of one line taken from the tested image. When the calibration circle is inserted 
into profile, it is evidence that end of tip represents smooth spherical surface. 

 
Figure 4 Examples of final probes. Sharp tips with a sub-100 nm curvature diameter can be prepared by a 
sharpening process. Blunting process allows setting the tip curvature diameter in a range of 100 nm - 5000 

nm. (Images were colorized in post-processing). 

It is important to note, that for measuring FDC of the cells, the cantilever should have rather low spring 
constant. This requirement we can easily adjust by lowering cantilever thickness. For example, when the 
thickness is reduced by half, the constant will decrease by one order. Figure 3(a) documents such modification 
of cantilever thickness where FIB milling was applied from the back side of the cantilever equipped with large 
tip. This step can be performed prior to tip shaping process or after.  

As it can be seen from Figure 4 the spherical tip is higher than sharp tip, so it is needed to bend it away when 
measuring topography with sharp tip. Switching to the sharp cantilever can be realized by bimorph effect. 
Figure 5(b) and (c) shows our first test to verification of functionality of cantilever bending. The thickness of 
aluminium meander was 100 nm. Aluminium has been chosen because of its high thermal expansion 
coefficient mismatch with silicon which yields an efficient bimorph effect. AFM chip with meander was 
contacted with thin wires and inserted into a SEM chamber. The chip was placed in such a position that we 
could observe the cantilever deflection from the side. We have increased the electrical power to the chip and 
measured the actual deflection during the test. Figure 5(c) shows almost linear dependence of deflection on 
heating power up to 10 mW. Achieved deflection of 3 m is sufficient for our purposes. In the next step we are 
planning to evaluate heat dissipation from heated cantilever to the neighbouring one. It may be undesirable to 
have warm sharp tip when scanning topography. If the simulation shows that temperature at the sharp tip is 
too high we propose to use magnetostrictive effect for the cantilever bending instead of thermal bimorph effect. 
It was shown that FePd layer placed on cantilever can serve as an active layer and relative small external 
magnetic field is needed for deflections of two microns [3]. 

(a) (b) (c) 
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Figure 5 (a) AFM profile of sharp edge of TGG1 calibration grating, which obtained using blunted tip with 
diameter of 1 m (see left tip in Figure 4(b)). (b) AFM cantilever with meandered Al heater patterned by 

direct EBL and lift-off process. (c) Cantilever deflection as a function of electrical power used for the 
actuation. 

4. CONCLUSION 

To summarize, we have developed two novel SPM techniques based on dual-tip principle. First technique DT-
MFM is aimed for magnetic measurements. Within the DT-MFM method, instead of using one tip for both, 
topography and magnetic scanning, we use dual-tip with separated functionalities - one is for topography, and 
the second one for the magnetic scanning. We show that main distortions of the magnetic tip are strongly 
reduced if the magnetic tip avoids surface touching. We have shown, that contrary to standard MFM scanning, 
the magnetic image obtained using dual-tip MFM depicts correctly the magnetic state of the permalloy ellipse 
at the scanning distance of 50 nm. The second method DT-FS was developed for surface topographical 
information and subsequent quick recording of complete force distance curves. We have shown that by FIB 
instruments it is possible modify original AFM tip into sharp and blunt tip with spherical tip apex. Switching 
between cantilevers is realized by bimorph aluminum meander. 
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Abstract 

This work investigates plasma instabilities occurring in a Gas Aggregation Cluster Source (GAS) and correlates 
them with the formation and growth of hydrocarbon nanoparticles (NPs). For this aim, special configuration of 
the GAS was employed, which allows for simultaneous measurements of the discharge voltage, the optical 
emission (OES) and the mass spectra (MS). Cycling instabilities with a period of 80 s were detected in the 
deposition rate which correlated with the changes in the discharge voltage, the intensity of the plasma emission 
and the concentration of hydrocarbon species.  

1. INTRODUCTION 

Dusty plasmas or complex plasmas have been explored for several decades [1-4]. The formation of 
nanoparticles (NPs) have been observed in the discharges ignited at a pressure of tens of Pa in a variety of 
gas mixtures including silane, hydrocarbons and fluorocarbons [5-7] and using different types of reactors  
[8-10]. Deeper investigation demonstrated that NPs may form and disappear in a cycling regime, a 
phenomenon called void instabilities. A balance of forces acting on growing NPs was brought forward to 
explain such collective behavior [11]. It was recognized that small negatively charged NPs levitate in the 
discharge region due to the balance of the forces acting on them. As soon as the NPs reach the critical size, 
the balance is violated and they are pushed out of the discharge. The process was found to be periodical as 
was confirmed by the temporal FTIR, mass-spectrometry and OES measurements [12-14]. The results 
obtained by means of different constructions of dusty plasma reactors showed the strong dependence of a 
cycle period on the reactor form, size and experimental parameters. The nature of such behavior has not been 
fully explained yet. 

Recently, the use of gas aggregation cluster sources (GAS) has been adapted for the production of micro- and 
nanoparticles [15]. A typical GAS consists of a water-cooled vacuum chamber which is equipped by an r.f. 
electrode or magnetron at one side and with a small exit orifice at the opposite side. The operational conditions 
inside the GAS can be optimized to force the formation of nanoparticles. The co-axial gas flow is deliberately 
created in the GAS to drag the nanoparticles away from the discharge, through the orifice and into another 
vacuum chamber where they can be collected on solid substrates. The effectiveness of GASes for the 
preparation of plasma polymer particles was demonstrated using a number of volatile precursors such as n-
hexane and hexamethyldisiloxane, or by the r.f. magnetron sputtering of polymeric targets made of nylon and 
poly(tetrafluoroethylene) [15-17]. However, the diagnostics of the processes occurring inside a GAS has been 
attempted only recently [18] and the formation of voids has never been reported. The aim of the current work 
is to find the conditions for the void formation during the formation and growth of hydrocarbon plasma polymer 
nanoparticles in the GAS and to investigate these processes by in situ diagnostic methods. 
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2. EXPERIMENTAL PART 

The diagnostic model of a GAS was used for the fabrication of hydrocarbon nanoparticles (see Figure 1). A 
3-inch r.f. electrode was powered by a generator (Dressler Caesar, 13.56 MHz). The distance between the 
electrode and exit orifice (diameter 2 mm) was 16 cm. The GAS was attached to a deposition chamber where 
quartz crystal microbalance (QCM) and a loadlock system with a substrate-holder were mounted. The 
aggregation chamber of the GAS was equipped with diagnostic ports for in situ analysis. The bottom port was 
connected through a 100 um orifice to a mass spectrometer (Hiden Analytical, HAL 301 RC). The top port was 
used for monitoring the aggregation zone by photo camera or by optical emission spectroscopy (Avantes 
AvaSpec-3648-2-USB2). The GAS was preliminary pumped by rotary and diffusion pumps down to 10-4 Pa. 
The 4.6 % mixture of n-hexane (Sigma Aldrich) with argon (purity 99.99 %) was used for the production of 
nanoparticles under the total pressure of 46.3 Pa in the GAS. The working pressure in the deposition chamber 
was set at 2 Pa. All experiments were performed using the constant power of 50 W.  The size and shape of 
NPs were characterized by scanning electron microscopy (SEM, Tescan Mira II). 

 

Figure 1 Simplified scheme of the experimental set-up 

3. RESULTS AND DISCUSSION 

For the diagnostic of plasma instabilities inside the GAS, the temporal dependences of the bias voltage and 
the mass deposition rate were measured (Figure 2a). The periodic character of both graphs was detected 
which is typical for the dusty plasmas [19,20]. The analysis of dependences revealed the oscillation period 
equal to 80 s. Moreover, the position of the maxima of the deposition rate was shifted with respect to the 
maxima of the bias voltage. Details of this phase shift can be seen in Figure 2b. The maxima of the deposition 
rate correspond to the situation when plasma is rich with the nanoparticles and it is accompanied by the lowest 
value of the bias voltage. The decrease of the number of the nanoparticles and the start of the void formation 
inside the discharge are associated with an evident growth of the bias voltage and with a decrease of the 
deposition rate. The top position of the bias voltage corresponds to the moment when the dusty particles are 
practically absent within the plasma. Later on, a new portion of the nanoparticles starts to form, the bias voltage 
decreases and a new cycle repeats.  
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Figure 2 Time evolution of the nanoparticle deposition rate and the bias voltage during the GAS operation 

(A) and details of one cycle with snapshots made every 5 s (B)  

The corresponding periodic instabilities were also revealed in the temporal dependences of the selected peaks 
in the mass spectra; see Figure 3. Distinct oscillations can be seen for the species with m/z = 86 which 
correspond to the n-hexane molecules. A decrease of the signal is attributed to the consumption of the 
precursor molecules in plasma chemical transformations during the nanoparticle growth. The reference 
spectrum of argon 36Ar+ demonstrates the different behavior without any cycling (Figure 3b).   
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Figure 3 Time dependences of the selected peaks in the mass spectra: a) for mass 86 (C6H14 precursor); b) 

for mass 36 (Ar)  

In addition, the optical emission spectra of the discharge were obtained. The time-resolved dependence of the 
intensity of the Ar line (707 nm) normalized to the maximum value exhibits the same periodical behavior; see 
Figure 4. According to the previous research, the intensity of the emitted light increases during the formation 
of nanoparticles due to an increase of the electron energy associated with a decrease of the plasma density 
[20]. As soon as the void starts to grow, the sharp reduction of the intensity is observed. 
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Figure 4 The time evolution of the maximal intensity of the Ar (707 nm) spectral line 
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The morphology of the particles was analyzed by scanning electron microscopy. The sub monolayer of the CH 
NPs was deposited on the polished Si wafers and covered by a thin Pt layer to achieve better image contrast. 
The view of the particles is presented on Figure 5. It is worth noting that the nanoparticles retain the spherical 
symmetry with a highly developed surface morphology, often referred to as the cauliflower structure. The 
nanoparticles show narrow dispersity with the mean size of 320 ± 23 nm.  

 
Figure 5 SEM image of hydrocarbon nanoparticles produced by GAS 

4. CONCLUSION 

The processes of the formation and growth of hydrocarbon nanoparticles inside the gas aggregation cluster 
source were investigated by means of different diagnostic methods. The temporal dependences of deposition 
rate, bias voltage, mass spectra and OES spectra show the cycling instabilities typical for dusty plasma. The 
formation of the particle cloud followed by the formation of the void was clearly observed. Narrowly-dispersed 
plasma polymer nanoparticles with the mean size of 320 nm were prepared.  
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Abstract 

Zinc oxide is multifunctional material used for decades in industrial scale due to its unique physical properties. 
By appropriately chosen morphology of particles, we can get additional value from this “traditional” material. 
However, for optimal results, it is necessary to manage synthesis of different morphology. Here we report fast 
and economical method of ZnO synthesis by precipitation from aqueous solutions of zinc acetate by sodium 
hydroxide. We have studied, how concentration ratio R = [NaOH] / [Zn2+] and solution addition order can affect 
product morphology and composition. By this synthetic method we can selectively prepare different particle 
shapes (spheres, urchins, petals, rods) of pure ZnO with yield exceeding 75 %. By reverse addition of 
reactants, finely dispersed nanoparticles can be obtained by elimination of growth step during the synthesis. 
For product characterization XRD, SEM, TGA and Raman spectroscopy were used. 

Keywords: Zinc oxide, nanoparticles, morphology, synthesis, precipitation 

1. INTRODUCTION 

Nanoparticles are in focus of many scientists in recent years [1,2]. This is due to their unique properties, which 
can be tailored by changing diameter and shape of particles (thus number of surface atoms) [3]. As an excellent 
example, ZnO should be mentioned - it can be used for UV protection, corrosion protection, sensors, white 
pigment, electronics, photo-catalysis, ceramics, etc. Zinc oxide offers wide range of the particle shapes, which 
gives us new application possibilities for this “traditional” material [4,5]. 

Zinc oxide is semiconductor from the group II-VI with band gap of ~ 3.4 eV, which cause transparency in visible 
light and absorption of UV light. Also, high piezoelectric coefficient makes it suitable for preparation of piezo 
ceramics and stress-strain sensors [4]. 

In the literature, there are many different synthetic methods of ZnO: gas-phase reactions, CVD, sol-gel, 
precipitation, hydro- and solvo-thermal synthesis, sonochemical, microwave, mechanochemical, etc. [6]. In 
this text, we will focus on wet chemical synthesis in aqueous environment. 

For precipitation of ZnO, water-soluble salts of Zn2+ (e.g. acetate, nitrate, chloride or sulfate) are used. These 
salts are converted into insoluble precursors (Zn(OH)2, ZnCO3) by reaction with base (NaOH, KOH, LiOH, NH3 
or (NH4)2CO3). This precursor can be subsequently converted into ZnO directly in suspension or separated 
(e.g. by filtration) and calcined in furnace [7]. 

By different conditions of precipitation (concentration, pH, temperature, surfactant addition, rate of mixing, 
anion type) or calcination (temperature, gas type and its flow), different shapes and particle size can be 
obtained. Because of calcination step, it is hard to obtain well-dispersed nanoparticles and aggregated product 
must be milled. Thus, we decided for direct precipitation of ZnO from highly alkaline solutions. 
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2. EXPERIMENTAL 

For synthesis by controlled precipitation, raw materials: NaOH and Zn(CH3COO)2 ∙ 2 H2O were purchased 
from Penta s.r.o. in analytical purity and were used without further treatment. Demineralized water was used 
for all experiments. 

In a typical experiment 300 ml of aqueous solution of NaOH in the glass container was heated at 60 °C with 
vigorous stirring. To this solution 100 ml of aqueous solution of 0.2 M Zn(CH3COO)2 was added drop wise to 
create white suspension. After all solution was dropped, solution was mixed at 60 °C for additional 2 hours. 
After synthesis, solid product was separated from liquid and washed several times by water to remove 
byproducts and excess alkali. White product was dried overnight at 105 °C. 

By this method 5 samples with different molar ratio R = [NaOH] / [Zn2+] = {2.5, 5, 10, 15, 20} were prepared. 
Also, one sample with R = 10 was prepared by reverse addition of solutions for synthesis at neutral pH and is 
noted as R = 10 R through the text. 

For characterization by XRD, TGA and Raman spectroscopy samples were used as dry powders. For SEM 
measurements, suspensions of samples in water were dip-coated onto electrically conductive substrate and 
dried at 60 °C. 

3. RESULTS AND DISCUSSION 

Aqueous solution of Zn(CH3COO)2 was used as precursor for synthesis. In the first step Zn(OH)2 was 
precipitated as voluminous precipitate by NaOH as demonstrated in Reaction 1 [8,9,10]. 

Zn(CH COO) ∙ 2 H O + 2 NaOH → Zn(OH) + 2 CH COONa + 2 H O (1) 

In the next step, Zn(OH)2 is converted into soluble Zn(OH)42− by excess amount of alkali according to 
Reaction 2 [8,9]. This can be clearly observed as each new drop produce voluminous white precipitate, which 
immediately dissolves into clear solution. If the amount of hydroxide was low (R = 2.5, 5, 10 R), this precipitate 
dissolved only partially and thus colloid solution with smaller particles was formed. 

Zn(OH) + 2 NaOH → Zn(OH) + 2 Na   (2) 

From phase diagram (Figure 1) we can see, that supersaturation of Zn(OH)  species lead to direct 
precipitation of ZnO as is shown also in Reaction 3. 

Zn(OH) → ZnO + H O + 2 OH   (3) 

In the case of reverse „acidic“ route, we can consider value of R to be equal to zero, so the synthesis is from 
the beginning carried out at neutral pH (~ 7). These conditions can provide very fast local supersaturation for 
each drop and thus very fast nucleation of Zn(OH)2 and ZnO nanoparticles. However, dissolution reaction 
(Reaction 2) is not favorable, because no more alkali is present in the surrounding solution. Thanks to that, 
also growth step (Reaction 3) is suppressed, so nanoparticles of Zn(OH)2 and ZnO remain finely dispersed. 
When all Zn2+ species are converted into Zn(OH)2, excess alkali increases rapidly pH, which causes 
conversion of all Zn(OH)2 to ZnO. By this reverse process, growth step through dissolution-precipitation of 
Zn(OH)  species is successfully bypassed and small particles with narrow size distribution can be obtained. 

Whereas for lower R values precipitate was formed immediately, for higher amount of alkali, it took longer time 
(30 min) for precipitate to be formed. In the case of R = 20, alkali amount is so high, that almost all Zn2+ remain 
in the soluble species Zn(OH)42− and only very small amount of ZnO was formed (Table 1), because equilibrium 
solubility was not exceeded (Figure 1) [10]. 
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Figure 1 Phase diagram of Zn2+ 
species at different pH [9] 

Figure 2 Diffractograms of ZnO 
and various R samples  

Figure 3 Raman spectra of ZnO, 
Zn(Ac)2 ∙ 2 H2O and various R 

samples 

Based on XRD measurement (Figure 2), all prepared samples were identified as ZnO with wurtzite structure. 
No other phase or impurity was identified, which suggest to well washed crystalline sample. Sample R = 20 
was not measured by XRD, because of low yield of the sample (Table 1). 

Crystallite size and lattice parameters (Table 1) were determined from diffractograms by using Scherer 
method. It can be clearly seen, that with lower amount of alkali used, the lower crystallite size was. This 
observation was also confirmed by SEM measurements (Figure 4). Lattice parameters c/a are increasing with 
decreasing amount of alkali, which can be also contributed to lowering particle size and their structure 
expansion, which is typical for nanoparticles [11]. 

Table 1 Overview of prepared samples, yields, crystallite size and shape and lattice parameters 

Sample name ZnO R = 20 R = 15 R = 10 R = 5 R = 2.5 R = 10 R 
R = [NaOH] / [Zn2+] - 20 15 10 5 2.5 10 R 

Yield (%) - 4 77 79 87 75 82 

Crystallite size by XRD (nm) - - 40 36 27 27 25 
Lattice parameter c / a 1.6021 - 1.6019 1.6021 1.6022 1.6027 1.6031 

Morphology  Rod Urchin Petal Flower Sphere Sphere 

Size of particles by SEM (nm) ~ 5 μm 1 μm x 100 nm 2 μm 300 nm 300 nm 50 nm 
aggregated 50 nm 

Samples were also characterized by Raman spectroscopy (Figure 3). In spectra of all samples, we can see 
peaks at wavenumber of 100 cm-1 and 439 cm-1, which confirm ZnO structure in agreement with XRD results. 
Absence of peaks at wavenumbers 955 cm-1 and 2937 cm-1 (which belongs to Zn(CH3COO)2) also confirm, 
that washing of the samples was sufficient. 

Morphology of the samples was studied by SEM (Figure 4). Sample R = 20 is composed of nanorods with 
diameter about 90 nm and length in the order of hundreds of nanometers. This indicates (together with low 
yield), that nucleation step is completely suppressed and separated from the growth step, which takes place 
exclusively along c-axis as can be seen in diffractograms. 
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With lowering R value, particles tend to be more agglomerated into urchin-like particles (R = 15), flower-like 
particles (R = 10) with more pyramidal shape of individual beams. Also, number of beams is decreasing. It is 
more distinct at sample R = 5, and size of individual particles decrease below 100 nm in the sample R = 2.5 
and they also tend to be more compact and agglomerated. 

All these changes in morphology can be attributed to equilibrium between nucleation and growth of crystals 
and are dependent on super-saturation degree [12]. 

   

   

Figure 4 SEM images of prepared ZnO samples: R = 20, R = 15, R = 10, R = 5, R = 2.5, R = 10 R 

CONCLUSION 

Zinc oxide micro- and nanoparticles were prepared by wet chemical precipitation method. With decreasing 
amount of alkali, particle size decreases dramatically and morphology change from nanorods, urchin-like, 
petals to spheres. To confirm effect of alkali amount on nucleation and growth of nanoparticles, reverse 
addition of reactants was done. By reverse addition fast nucleation yields spherical nanoparticles with uniform 
size of about 50 nm and growth step was eliminated. 
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Abstract  

Hydration is one of the crucial properties for understanding the behavior of any chemical material. Due to the 
presence of hydrogen bonds together with hydrophobic and other types of intermolecular interactions water 
sorption influences the properties of the substances. Moreover, the importance of the absorbability is even 
higher when speaking about biopolymers which are somehow connected with hydrogels applications, 
potentially used in wound healing. The aim of this work was to study water sorption ability of selected 
biopolymers (dextran, chitosan, hyaluronan) and humic acid using two thermoanalytical techniques: differential 
scanning calorimetry (DSC) and relative humidity (RH) perfusion microcalorimetry. These methods which are 
based on different measurement principle can give a complex overview on the sorption behavior of the sample. 
The results show expected differences of both temperature of melting and heat of hydration which are caused 
by many factors such as presence of side functional groups on the biopolymer chain, solubility of the studied 
biopolymers in water or molecular weight when speaking about hyaluronan. 

Keywords: Hydration, biopolymers, DSC, perfusion microcalorimetry 

1. INTRODUCTION 

Calorimetry is a wide tool for material characterization. There are several kinds of calorimetry which can detect 
different types of sample changes. This study focuses on two calorimetric techniques - differential scanning 
calorimetry (DSC) and relative humidity (RH) perfusion microcalorimetry. The motivation of the work was to 
study the process of water sorption of selected biopolymers using different methods. The most studied material 
from the sorption point of view is amorphous lactose. Basically, amorphous materials are well studied by 
perfusion microcalorimetry because it is a nice tool for amorphous phase content determination and therefore 
it is recommended for characterization of pharmaceuticals [1-4]. Hyaluronan (HYA) is a unique polysaccharide 
from the point of view of hydration, too. It is a material with a very high water sorption capacity. The physico-
chemical properties of hyaluronan are described elsewhere [5,6] and the sorption isotherms of hyaluronan are 
studied in [7]. The other materials (dextran, chitosan and humic acid (HA)) were chosen due to their different 
structure, origin or presence of different side functional groups on the main polymer chain which could influence 
the ability of water sorption. 

2. MATERIALS AND METHODS 

Hyaluronan of bacterial origin of two molecular weights was purchased from Contipro Group, Ltd., Czech 
Republic, chitosan (molecular weight 168 kDa) and dextran (molecular weight 425 - 575 kDa) of the best 
available purity were purchased from Sigma Aldrich and used as received. Humic acid was isolated from lignite 
in the author’s laboratory by a method described elsewhere [8].  

The weighted sample powder was put in aluminium pans with small amount of water for dissolving the sample. 
Humic acid and chitosan were measured as suspensions, other samples were measured as solutions. The 
experiments were performed under following conditions: temperature range from -50 to 25 °C, heating rate 
3°C/min, nitrogen atmosphere. The samples were measured both immediately after preparation and after 24 
hours. The experiments were performed using a DSC instrument Q2000 (TA Instruments). The weighted 
sample powder (approx. 10 mg) was put in the measuring cell and the holder of the cell was inserted in the 
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calorimeter. The sample in the measuring cell was wetted by nitrogen (gas) flow which relative humidity and 
flow rate was controlled by the mass flow controllers. The illustration of the perfusion cell is in the Figure 1. All 
the experiments were performed according following conditions: temperature 25 °C, RH constant 10 % for 30 
minutes, increasing RH from 10 to 95 % for 48 hours, then 2.5 hours of stabilizing under 95 % RH. The 
experiments were performed using a modular microcalorimeter TAM III (TA Instruments). 

 

Figure 1 A schematic of the RH perfusion cell [9] 

3. RESULTS AND DISCUSSION 

3.1. DSC  

DSC records have two peaks, exothermic above the baseline and endothermic under the baseline. The 
exothermic peak corresponds to solidification and crystallization of possible amorphous phase and the 
endothermic corresponds to a melting process. The area under the peaks is proportional to amount of heat 
released or absorbed during the process and the high of the peaks is proportional to the temperature gradient 
during the reaction. For this purpose, only the parameters of the endothermic peak were analyzed - 
temperature onset and the height of the peak. These parameters are connected with the degree of sample 
hydration. The lower is the onset temperature, the higher is the hydration ability. In other words, the melting 
temperature of the sample decreases with increasing water content.  

 

Dry gas inlet (0% RH)  

Humidifier chamber 

Humidifier chamber 

Water 

Water 

Gas outlet   

100% RH input 

0% RH input 

Sample 
Ampoule 
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Figure 2 DSC curves of chitosan measured after preparation 

 
Figure 3 DSC curves of chitosan measured within 24 hours of preparation  
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The selected results for chitosan are presented in Figure 2 and Figure 3. The determined offset temperatures, 
temperatures of melting as well as heat of melting for all measured samples are summarized in Table 1. 

Table 1 The evaluated results from DSC measurement, where Qm is heat of melting, Tonset is onset   
 temperature and Tm is melting temperature. 

 After preparation After 24 hours 

Sample Qm (J/g) Tonset (°C) Tm (°C) Qm (J/g) Tonset (°C) Tm (°C) 

HA 173 -2.12 0.70 268 -1.33 -0.08 

Chitosan 243 -1.21 0.80 279 -1.68 -0.21 

HYA 300 kDa 227 -5.03 -1.34 195 -7.69 -2.92 

HYA 1400 kDa 211 -4.72 -0.82 187 -6.55 -1.25 

Dextran 206 -3.87 -0.97 184 -4.78 -1.29 

As expected, all the samples show lower temperatures of melting after 24 hours which corresponds to higher 
water content compared to fresh samples. The differences in the heat of melting increases after 24 hours for 
HA and chitosan (suspensions) and decreases for HYA and dextran (solutions).  

3.2. RH perfusion 

The results from RH experiments show similar trends for all the samples. The first part of the curve with a 
relatively small signal change is followed by the relaxation part before the increase of the signal which 
corresponds to the most intensive water sorption by the sample. The sharp decrease of the signal at the 
constant RH 95 % will be studied in details in the future experiments.  

 
Figure 4 The calorimetric responses to the adsorption of water vapor on chitosan and both hyaluronans in 

the RH perfusion cell. The heat flow data are connected with the left y-axis, the RH values for the black 
curve are displayed to the right y-axis 
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The selected results for chitosan and both hyaluronans are shown in Figure 4. The evidence of the interaction 
between samples and added water vapour (wetted nitrogen) is expressed in increasing (exothermic) signals 
of all the studied samples. The intensity of the signal corresponds to the greater sorption ability. The less 
intensive signal was observed for chitosan, the most intensive signal is shown for hyaluronan of higher 
molecular weight which was expected due to the well-known sorption properties of this polysaccharide. 

CONCLUSION 

The presented results show that the measuring conditions should be optimized for future measurements to 
obtain the whole sorption curve when the signal is back close to the baseline also at the end to the experiment. 
But evidently, hyaluronan of both molecular weight showed greater sorption ability (from RH perfusion results) 
than the other samples which corresponds to DSC where hyaluronan show big differences between Tm of fresh 
and samples measured after 24 hours. 
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Abstract  

The characterisation of glidants is important for process control and the design of its processing conditions or 
handling devices in pharmaceutical industry. Frequently used, fine glidants as Aerosil®, Cab-O-Sil® and 
magnesium stearate are specific for characterisation of dynamic behaviour. These are complex powder 
systems, in particular because they contain varying amounts of air that can radically change (influence) their 
rheology or flow properties. The aim of this work is to describe the dynamic behaviour of the above mentioned 
sliding substances. Avalanching regions were determined using a dynamic angle of repose measurement 
method in a rotating transparent drum. Aeration regions and compressibility factors were measured by the FT4 
Freeman Technology. The first results showed the change of avalanching regions of all the glidants with the 
rotation speed of the measuring drum. Tested glidants were included into the aeration regions and their 
dynamic behaviour was described. 

Keywords: Glidants, rotating drum, dynamic angle of repose, dynamic behaviour 

1. INTRODUCTION 

Quality control not only of glidants that reduce friction between particles is a necessary part of manufacturing 
pharmaceutical processes. Characterisation of the basic properties is critical to ensure the efficiency of the 
process operations and consequently for customer satisfaction. A typical example for the quality control of 
glidants can be the particle size distribution or infrared spectrometry. Control of ready-made powder mixes is 
possible (in-process-control), for example, by measuring specific energy (FT4 Freeman), whose values 
determine the range for appropriate flow process behaviour or, conversely, reporting of problematic process 
[1]. To ensure trouble-free production, progressive innovation of the control of input raw materials is a 
necessity. The aim of this article is therefore to show simple ways of flow characterizing traditional glidants 
used in the pharmaceutical industry. The first method is the use of a simple rotating drum. Rotating drums 
have been extensively investigated in the past as they are an integral part of many industrial processes. The 
great majority of the published work on drums has focused on the various avalanching regions and phenomena 
that exist within the drum. In this paper we will focus on using the rotating drum as an instrument to determine 
the dynamic angle of repose as quality control of glidants and attempt to understand how this property may 
affect granular flow behaviour during the processes (mixing, transport etc.) [2]. The second considered method 
is an aeration test [3]. The presence or absence of air greatly influences the flow properties of the powders. 
With increasing air, the bulk density of the powder is reduced, the inter-particle spacing increases and the flow 
is easier. However, the course of this change varies for different pharmaceutical excipients and active 
substances and therefore it is necessary to make an aeration characterisation of each raw material in relation 
to the need for air [4]. Another possible characteristic in connection with the aeration behaviour of powders is 
the determination of the compression factor. Removal of air also significantly influences the properties of 
powders and always disturbs the flow. This phenomenon can be seen as a consequence of storage and 
transport of raw materials or as a side effect in the production process where vibration is used. Particles 
regroup and interlock. This will increase bond strength, shear resistance and, of course, powder flow. It is 
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therefore clear that the energy required to dispense the powders varies according to the process point in which 
the raw material is. The difference in this energy for the fluidized and consolidated powder can be very 
profound. Avalanching and aeration characterisation methods for glidants show a relatively simple way to 
predict the flow properties of powders across the entire production process.  

2.  MATERIALS AND METHODS 

2.1. Materials  

For the experiments, three glidants commonly used in the pharmaceutical industry were tested. These are 
Aerosil® 380, Cab-O-Sil® M5 and magnesium stearate. 

Aerosil® 

Aerosil® 380 is hydrophilic fumed silica (SiO2) with a specific surface area of 380 m2.g-1. Aerosil® 380 are small 
silica spheres covered with -OH group. This groups form hydrogen bonds with other aerosil particles, forming 
random network [5]. 

 
Figure 1 SEM images of Aerosil® 380 (A), Cab-O-Sil® (B) and magnesium stearate (C) 

Cab-O-Sil® 

Cab-O-Sil® is an untreated hydrophilic fumed silica (SiO2) with medium surface with versatility, suggested for 
use in adhesives, coatings, cosmetics, foods, inks and pharmaceuticals applications. Cab-O-Sil® is white 
powder with density 2.2 g.cm-3. 

Magnesium stearate 

Magnesium stearate is also known as octadecanoic acid and magnesium salt with chemical formula 
C36H70Mg4. Magnesium stearate is the most common ingredient used in forming tablets because it’s a lubricant. 
Known as a “flow agent”. Just a minimal amount is required 
to coat a powder blend of virtually any active substance or 
supplement mixture. 

2.2. Dynamic angle of repose 

The dynamic angle of repose and dynamic behaviour of 
glidants was measured using a rotating drum of 140 mm 
diameter and 30 mm thick (Figure 2). Filling was 50 %. 
The rotation frequency ranged from 20 to 80 rpm. Thy 
dynamic angle of repose was evaluated five times for each 
material. The average value for each material was used. Figure 2 The rotating drum 
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2.3. Aeration and compressibility factor 

During the aeration test performed on the powder rheometer FT4, the air is brought to the bottom part of the 
measuring cell while the whole column of the bulk material is aerated. It was observed how much air changes 
the flow properties of the test glidant by measuring the decreasing amount of flow energy (AE) that was 
recorded. The range in which flow energy is reduced is, of course, dependent on many physical properties of 
the powder (e.g. cohesion, particle shape, density). The aeration test was evaluated based on the Aeration 
Ratio (AR, equation 1) and Aeration Energy (AE) - flow energy during aeration.   

퐴푒푟푎푡푖표푛 푅푎푡푖표, 퐴푅 =  (   )
 (   )

        (1)  

Compressibility (or compressibility factor) was measured as the change in volume or density, respectively, 
depending on a normal load. The data obtained are quantified by expressing the percentage of compressibility 
for a normal load of 6, 8, 10 and 12 kPa. The FT4 Powder Rheometer was used. 

3. RESULTS AND DISCUSSION 

3.1. Avalanching regions and dynamic angle of repose 

Avalanching regions were determined using the rotating drum method. This is not a standardized methodology, 
so the rotational speed of the drum in the selected range (20-80 rpm) was varied during the measurement, 
and the motion kinetics and the angle of repose of the test materials were observed on a video recording.  

 

Figure 3 Dynamic behaviors of Cab-O-Sil® with increasing rotating frequency. A - rolling region, B - 
cascading region, C - swirled, D - dynamic swirled 

During the experiment, it was observed that the increasing rotational speed of the drum changed the way that 
the mixture moved. The movement at lower frequencies for Aerosil® and Cab-O-Sil® was characterized by 
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periodic changing of fine avalanches composed of fine powder particles. It was a rolling region, which, with the 
increasing frequency of rotation, switched to a cascade. A further increase in speed was unnecessary for 
Aerosil® and Cab-O-Sil®. Due to the significant amount of air in the two raw materials, they swirled and the 
dynamic angle of repose was no longer created. For the glidant magnesium stearate a totally reverse effect 
was observed. During measurement of the dynamic angle of repose, the size of the active zone changed. 

The powder was theoretically divided into two zones. On the surface of the powder there was the so-called 
active zone across which the powder was spread, increased its volume and its rapid unidirectional flow was 
controlled by gravity. The other, static zone was beneath the surface (Figure 4). 

 
Figure 4 Active and static zone for magnesium stearate (scheme) 

The powder was compacted in the static zone, the individual particles blocked each other, and the entire area 
moved as if it were in one piece. As the frequency increased, the active zone was enlarged and the static zone 
with only slight particle movement diminished, while in the active region there was particle movement. For the 
magnesium stearate, the movement was defined as a rolling for all tested drum rotational frequencies. Table 1 
shows the evaluated data. Figure 5 shows the methodology of determination of the dynamic angle of repose 
for Aerosil® 380 (A), Cab-O-Sil® (B) and magnesium stearate (C).  

 
Figure 5 Angle of repose for Aerosil® 380 (A), Cab-O-Sil® (B) and magnesium stearate (C), 20 rpm 

Table 1 Dynamic angle of repose of glidants  

Rotating frequency, rpm Dynamic angle of repose, ° 

 Aerosil® Cab-O-Sil® Magnesium stearate 

20  34 ± 1.5 30 ± 1.6 40 ± 1 

40  35 ± 2 34 ± 2 34 ± 1.5 

60  Undetectable Undetectable 30 ± 1.6 

80  Undetectable Undetectable 16 ± 1.9 
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The dynamic angle of repose increases with increasing drum rotational frequency for Aerosil® 380 and 
Cab-O-Sil® (non-cohesive, well-flowing substances). For magnesium stearate it was determined that the 
dynamic angle of repose decreases with increasing rotational frequency. In the case of magnesium stearate 
the creation of the active zone was more pronounced and its size increased with the increasing frequency. It 
can be assumed that for powders with higher cohesion a higher rotational frequency is more suitable in the 
manufacturing process (mixing, granulation). Aerosil® 380 and Cab-O-Sil® have already been raised at the 
higher rotation speeds of the drum and it is therefore advisable to recommend lower speeds in the production 
process. For determination of the dynamic angle of repose of glidants the speed of 20 rpm is suitable. Dynamic 
angle of repose values are primarily influenced by the coefficient of friction and particle position in the rotating 
drum. 

3.2. Aeration and compressibility factors 

The resulting aeration test data for material sensitivity for aeration and compression factors are shown in  
Table 2. 

Table 2 Aeration and compressibility factors  

Parameters Aerosil® Cab-O-Sil® Magnesium stearate 

AR (Aeration Ratio), - 3.96 2.41 9.29 

AE (Aeration Energy), mJ 4.38 ± 1.5 20.4 ± 2.2 5.38 ± 1.8 

Compressibility factor (6 kPa), % 28.8 ± 0.7 27.0 ± 0.7 15.9 ± 0.1 

Compressibility factor (8 kPa), % 31.1 ± 0.6 29.5 ± 0.7 16.9 ± 0.4 

Compressibility factor (10 kPa), % 33.1 ± 0.6 31.6 ± 0.8 17.5 ± 0.6 

Compressibility factor (12 kPa), % 34.9 ± 0.5 33.5 ± 0.8 18.1 ± 0.5 

The evaluation of aeration regions is based on the AR values. It is true that powders of AR in the range of 2-
20 can be aerated in a conventional manner. These are so-called “typical powders”. All the tested glidants fall 
into this category. This range is robust. The total flow energy for magnesium stearate was 50 mJ, for Aerosil® 
17.4 mJ and for Cab-O-Sil® 49.2 mJ. The values indicate that the lower the flow energy, the easier the powder 
fluidization. The compression factor in the range of 6-12 kPa is always the lowest for the cohesive magnesium 
stearate. The measured value at 12 kPa was still lower than the compression factor of Aerosil® and Cab-O-
Sil® already at 6 kPa. Magnesium stearate falls in the category of moderate compressibility powder. On the 
other hand, Cab-O-Sil® and Aerosil® are in the high compressibility powder group. 

4. CONCLUSION 

The aim of this article was to determine the avalanching and aeration regions for glidants as the basic 
characteristics for the necessary quality control of the input raw materials in the pharmaceutical industry. A 
simple methodology of determination of flow behaviour was shown for Aerosil®, Cab-O-Sil® and magnesium 
stearate. Aerosil® and Cab-O-Sil® were classified in rolling and cascading modes according to the dynamic 
angle of repose. At the frequency of 60 rpm both materials swirled in the rotating drum space. In the case of 
magnesium stearate it was determined that the dynamic angle of repose decreases with the increasing 
rotational frequency, and it was classified in the rolling mode. The glidants could not be defined in more detail 
depending on the aeration ratio and all three were assigned to the same aeration group. These powders are 
characterised by reduced total energy at increasing airflow rates. These glidants powders are moderately 
sensitive to aeration.  
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Abstract  

A heterojunction formed between a single n-type ZnO nanorod and p-type GaN template was successfully 
prepared by low cost chemical bath deposition technique. Periodic circular patterns were fabricated by focused 
ion beam etching through poly(methyl methacrylate) mask to control the size, position, and periodicity of the 
ZnO nanorods.  A possible growth mechanism is introduced to explain the growth process of the nanorods.  
Optical and electrical properties of the heterojunctions were investigated by low temperature 
photoluminescence spectroscopy and by the measurement of current-voltage (I-V) characteristics. The I-V 
characteristics were measured by directly contacting single ZnO nanorods with the conductive atomic force 
microscopy tip.  The diode-like rectifying behavior was observed with a turn-on voltage of 2.3 V and the reverse 
breakdown voltage was 5 V. 

Keywords: ZnO nanorods, focused ion beam, ZnO/GaN heterojunctions, photoluminescence spectroscopy,  
        conductive atomic force microscopy 

1. INTRODUCTION 

The problem with reproducibility in preparation of stable p-type in ZnO [1] emphasizes the importance of 
heterojunctions realized on p-type GaN. The combination of ZnO and GaN was first motivated by the desire 
to find a suitable substrate for heteroepitaxy [2]. As a result of the same wurtzite crystal structure with similar 
lattice parameters in both materials, heteroepitaxial layers of ZnO on GaN showed better structural quality as 
compared with other substrates, such as sapphire. Nevertheless, even very close lattice constants do not 
enable to prepare heterojunctions with acceptable device quality. The situation is quite different for the growth 
of high quality nanosized heterojunctions of ZnO, since the strain in nanostructures can be efficiently relieved 
by elastic relaxation of the free lateral surfaces rather than by plastic relaxation. The nanosized heterojunctions 
are expected to have a good interface contact, because the nanosize contact area and the small lattice 
mismatch between GaN and ZnO lead to epitaxial growth without extended defects. The nanosized 
heterojunctions are commonly fabricated by epitaxial growth of vertically oriented one-dimensional ZnO 
nanostructures, such as nanorods or nanowires. One of the crucial problems in such heterojunctions is to 
create electrical contact on the ZnO nanorods. Conventionally, a three-step approach is used [3-6]: first, the 
space between individual ZnO nanorods is filled with an insulating material; second, oxygen plasma is used 
to remove the insulating layer from the top of the ZnO nanorods; and finally, a contact is deposited. Moreover, 
in a majority of studies, the GaN substrate is covered with a ZnO seed layer to lower the nucleation barrier. All 
three fabrication steps strongly affect both electrical and optical properties of ZnO nanorods and current 
transport in such heterojunctions. 

In this work we demonstrate an efficient method to fabricate single ZnO nanorod/GaN heterojunctions. The 
optical and electrical properties of these heterojunctions are studied by photoluminescence spectroscopy and 
by the measurement of current-voltage (I-V) characteristics.    

2. EXPERIMENTAL METHODS 

The p-n junction consist of n-type ZnO nanorods which are grown directly on p-type GaN:Mg epitaxial layer. 
The 2m thick Mg doped GaN layer with the hole concentration of 5x1017 cm-3 was grown on saphire/n-type 
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GaN template (HVPE; Kyma, Inc.). The n-type ZnO nanorods were grown by chemical bath deposition in 
aqueous solution consisting of zinc nitrate hexahydrate and hexamethylenetetramine [7,8]. The growth was 
carried out at 95°C for 2h in 5 and 50 mM equimolar solutions. Prior the growth, the GaN film was cleaned for 
5 min in acetone at room temperature in an ultrasonic bath and rinsed with high purity DI water. Than it was 
etched for 20 min in concentrated ammonium hydroxide solution (28%) at 50°C and finally rinsed with high 
purity DI water and dried in Ar. The cleaning procedure was important to assure uniform nucleation of the ZnO 
nanorods. To precisely control the position and size of the ZnO nanorods, a GaN film with lithographic pattern 
was used. First, a 200nm polymethylmethacrylate (PMMA) film was deposited by spin-coating on the GaN 
template. Then, a Ga+ focused ion beam (FIB) was used to fabricate circular hole arrays in the PMMA layer 
(the acceleration voltage and the probe current were 30 keV and 57 pA, respectively). The patterned PMMA 
layer served directly as a mask, as it is resistant to the growth solution. 

The morphological analysis of the ZnO nanorods was carried out by scanning electron microscopy (SEM). The 
photoluminescence (PL) spectra were measured with a set-up comprising a HeCd laser (325 nm) as an 
excitation source, a grating monochromator Jobin Yvon THR 1000, a closed cycle He optical cryostat, and 
photomultiplier detection system (S1 operated at 77K). The DC electrical properties of single n-type ZnO 
nanorod/p-type GaN heterojunctions were studied by the measurement of their I-V characteristics using 
conductive atomic force microscopy (AFM) (Nano Wizard 4, JPK Instruments). Single ZnO nanorods were 
contacted directly by conductive AFM tip; the p-type GaN template was contacted by conductive silver paste. 

3. RESULTS AND DISCUSSION 

Figure 1 (a) shows that the chemically etched non-patterned GaN substrate is uniformly covered with randomly 
nucleated ZnO nanorods. The ZnO nanorods are well oriented with hexagonal rod shapes suggesting that 
they grow epitaxially along the c-axis. Nevertheless, the random nucleation of the ZnO nanorods results in 
high variation of their diameter and length; the diameter varies from 100 to 500 nm and the length is up to 7 
μm. 

   

Figure 1 SEM images of the ZnO nanorods grown by chemical bath deposition on p-GaN:Mg epitaxial 
layer: (a) non-patterned with 50 mM concentration of precursors, (b) patterned with 50 mM concentration 

of precursors, (c) patterned with 5 mM concentration of precursors. The growth time and temperature were 
identical for all samples 

To precisely control the position and size of the ZnO nanorods, the GaN template with a PMMA layer was 
patterned by FIB. Figure 2 (a, b) show dimensions of the circular hole pattern. The diameter of the hole at the 
interface with the GaN epitaxial layer was 250 nm. As presented in Figure 1 (b, c), the ZnO nanorod arrays 
exhibited vertical alignment and uniform distribution in their diameter and length. The length and diameter of 
the ZnO nanorods can be easily controlled by the precursor concentration. The diameter decreases from 3 to 
1 μm when the precursor concentration decreases from 50 to 5 mM. At the same time the nanorod length 
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decreases from 10.8 to 3.2 μm.  The diameter of nanorods was larger than the diameter of the pattern hole. 
While in the first growth step the lateral growth is limited by the hole dimension, in the second step, there is no 
limitation for the growth and the final rod shape is given by different growth rates of polar and nonpolar planes 
(Figure 2c). We also observed that nanorods diameter decreased in c-axis. Such behavior can be explained 
by time-varying supersaturation effect [9], in the stationary bath reactor the growth units are consumed during 
the growth.  

Figure 2 SEM (a) and AFM profile (b) of patterned hole prepared by FIB, c) schematically illustration two 
step growing process of the ZnO nanorods 

Photoluminescence (PL) spectra of the ZnO nanorods and of the p-type GaN:Mg epitaxial layer are shown in 
Figure 3. The room temperature PL spectra of Mg doped GaN show a strong PL band at 2.8 eV, which is 
attributed to band-Mg-doped acceptor recombination and a low-intensity near-band-edge (NBE) emission 
band at 3.41 eV [10]. The 4.2K near band edge spectrum consists of the acceptor bound exciton line at 3.45 eV 
(ABE), of the line at 3.27 eV associated with the donor-acceptor pair transition (DAP), and of the ultraviolet 
luminescence band at 3.2 eV (UVL) [10-13]. The room temperature PL spectra from the ZnO nanorodsconsists 
of the NBE emission with the maximum at 3.24 eV and of a broad composite band comprising three sub-bands 
peaked at 2.2 eV (YL band attributed to Zn(OH)2 groups attached to the surface of ZnO NRs), 2.05 eV (OL 
band caused by transitions between a shallow donor and LiZn acceptor), and 1.8 eV (RL band associated with 
zinc interstitials) [14-16]. At 4.2 K the dominant exciton line at 3.36 eV is attributed to donor bound exciton 
transition. The lines at 3.33 eV and 3.22 eV labeled as A and DAP are associated with bound exciton to 
structural defect transition and shallow donor-shallow acceptor transition, respectively. In the deep level region 
we observed only RL and OL,  which are located at the same position as at room temperature; the YL is 
quenched at 4.2 K [14-16]. 

 
 

Figure 3 Room temperature and 4.2K PL spectra of the (a) p-type GaN:Mg film;  
and (b) n-type ZnO nanorods 
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The room temperature I-V characteristics of single ZnO nanorod/GaN heterojunctions are presented in  
Figure 4. The AFM tip was placed on the top of ZnO NRs in contact mode. The forward current is approximately 
one order magnitude higher than the reverse current at 3 V. The turn-on voltage of this junction is 2.3 V. 
Lower turn-on voltage obviously is explained by lower quality of the p-n junction. For the p-n heterojunction the 
I-V relationship can be expressed by empirical diode equation I=I0(exp(qV/kT)-1) [17]. We extract ideality 
factor from linear part of the forward I-V characteristics (inset in Figure 4) by using equation q/kT*d(V)/d(lnI).  
The high value of the ideality factor for our devices (can be attributed to the defects at interface, or by 
multi-current transport mechanism in the heterojunction [18].  

 
Figure 4 Room temperature I-V characteristics of the single ZnO nanorod/GaN heterojunction. The inset 

shows the semi-logarithmic I-V characteristics 

4. CONCLUSION 

We demonstrated size and position controlled selective growth of well oriented ZnO nanorods on GaN 
substrate by combining low temperature chemical bath deposition and focused ion beam etching. The high 
optical quality of the ZnO nanorods was confirmed by the low temperature photoluminescence spectroscopy; 
a strong bound exciton emission peak (3.36eV) and low defect-related peak in the visible region was obtained 
at 4.2K. The DC electrical properties of the single ZnO nanorods/GaN heterojunction were studied at room 
temperature.  Single nanorods were contacted directly by conductive atomic force microscopy tip. The 
heterojunction shows rectifying I-V characteristics with the turn-on voltage of 2.3 V and the ideality factor of 
5.9. Such behaviour can be explained by presence defect at ZnO/GaN interface, or by multi-current transport 
mechanism. 
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Abstract 

Influence of graphite addition to the ball-milling charge composed of Mg splinters and Mg17Al12 particles upon 
the hydrogen sorption was investigated at sorption temperature 623 K. Measurements were carried out by 
Sieverts method. Graphite facilitates the ball-milling: It prevents re-agglomeration of crushed particles into 
large secondary particles. It also suppresses sticking the milled material to the balls and walls of the milling 
jar. It was found that an increase of carbon concentration up to a certain limit cL lying between 14 and  
23 wt. % C, carbon increases both the absorption and the desorption rates and hydrogen storage capacity. 
Above cL, carbon causes a considerable decrease in HS capacity, which spoils the application potential of 
Mg@Mg17Al12/C. Crystallite size of the material under study, obtained by XRD, is in the order of tens of nm. 

Keywords: Hydrogen storage, Mg alloys, graphite 

1. INTRODUCTION 

A great effort has been devoted to the improvement of hydrogen storage (HS) parameters in Mg-based alloys 
[1]. These alloys are prospective for HS, due to their relatively high HS capacity, low specific gravity and 
moderate price. The magnesium hydride MgH2 is the principal hydrogen storing phase in these materials 
(HSA). Contrary to high thermodynamic stability of MgH2, which causes too high sorption temperatures 
(typically above 523 K) and lazy sorption kinetics, the Mg-based HS alloys are still in the focus of interest of 
many research groups [2,3]. Summarizing recent development (for reviews see, e.g. in [1,4]), it can be 
concluded that not too significant achievements were reached in decreasing of MgH2 stability by alloying up to 
now. It is believed that this originates in too low formation enthalpy of MgH2. Alloying elements are expelled 
from the alloy during the MgH2 formation and lose their beneficial effect upon the sorption by forming new - 
from the HS point of view ineffective -  crystalline phases.   

It seems that much more significant effect 
has been reached by nano-sizing and 
catalysis [5,6]. Nano-sizing led to a 
substantial decrease in hydrogen diffusion 
length and therefore, to an improvement of 
hydrogen sorption kinetics. Catalysis of the 
hydrogen sorption is a complex process and 
not all experimental results reported in the 
literature are understood in detail [7]. 
Hence, the character of the research in this 
field is heuristic. It was observed that it is 
advantageous to store hydrogen in relative 
large grains of Mg (or Mg-based alloy) that 
retain high HS capacity. It is neccessary, 
however, provide these grains - storage 

Figure 1 Catalyzing Mg17Al12 particle on the surface of HS 
grain - schematically 
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tanks - with sufficiently effective entrance/exit gates for easy hydrogen transmission. Particles of catalyzing 
phase located on the surface of larger grains can act as the gates for hydrogen (Figure 1).  

Overall effect of catalyzing particles involves easy dissociation of H2 molecule on its surface, rapid diffusion of 
H atoms through the particle and transfer into the HS phase (Figure 1). At present, it is impossible to judge 
the convenience of Mg17Al12 with respect to all the above mentioned demands due to lack of experimental 
data.  Sorption behavior of Mg17Al12 itself has been studied, e.g. in [8-11]. The authors reported that Mg17Al12 

in hydrogen can reversibly decompose according to the following scheme [8] 

Mg17Al12 + 9 H2  ↔  9 MgH2 + 4 Mg2Al3         (1) 

Mg2Al3 + 2 H2 ↔  2 MgH2 + 3 Al.         (2) 

The present paper contributes to investigation of hydrogen sorption kinetics in Mg@Mg17Al12 at the 
temperature of 623 K (operation temperature of pure MgH2). Varied grades of graphite additions are tested 
with respect to the morphology and sorption kinetics of Mg@Mg17Al12.  

2. EXPERIMENTAL 

Four alloys (Table 1) composed of Mg with particles of Mg17Al12 were prepared by ball-milling (BM). Mg was 
used in the form of splinters, spectral, pure graphite was added in the form of fine powder and small particles 
of Mg17Al12 were pre-prepared by induction melting of pure components and crushing in the mortar. The 
mixture for BM was composed of Mg: 3g, Mg17Al12: 0.38 g + C according to composition in the Table 1) The 
samples were ball-milled using Fritsch- Pulverisette 6 (450 rpm, 10min milling / 50min cooling - 14 times 
repeated; mass ratio of the balls to the charge was about 240). Powder samples were taken out of the BM jar 
in an Ar protective atmosphere. The mass of powder samples for the sorption experiments was about 150 mg. 
The samples were pre-annealed at 633 K for 2 hours.  

Table 1 Carbon concentration cC in experimental alloys and mean grain size d after BM 

ALLOY cC d 

  wt. % C m

A1 0 38 

A2 7 20 

A3 14 13 

A4 23 9 

Hydrogen sorption kinetics was studied using Sieverts-type gas sorption analyzer PCT-Pro Setaram 
Instrumentation. The absorption and desorption curves were measured at temperature 623 K and under 
hydrogen pressure between 2.5 (absorption) and 10-3 (desorption) MPa. The purity of both hydrogen and 
helium (calibration gas) was 6N. All manipulations of the milled powder was done in the glove box in protective 
Ar atmosphere.  

3. RESULTS AND DISCUSSION 

Small fraction of powder samples before and after the sorption experiment was used for the SEM observation. 
It is obvious in Figure 2 that increasing content of graphite in the milling charge caused a decrease in average 
grain size as it is listed in Table 1, where the values of d are listed irrespective of phase composition of 
particles. During the cycling experiment, the grains decay due to mechanic stress originating in repeated phase 
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transition. It can be seen in Figure 3 that relatively great grains in A1 start to decay at the beginning, and turn 
to a conglomerate of much finer particles after the cycling (typically 10 sorption cycles).  

Beneficial effect of graphite (the refining of the grain size), however, cannot be substituted by cycling 
refinement: XRD measurements imply that certain fraction (about 1 wt. %) of Mg phase in the form of relatively 
great particles (in the order of units of m) survives in originally carbon-free alloy even after cycling. Two XRD 
patterns shown in Figure 4 document the much more effective refining effect of graphite in comparison with 
refining by cycling of coarse-grained alloy A1 (the greater width of diffraction lines indicate small particles). 
Rietveld analysis revealed that the size of Mg particles that took part in repeated hydrogen charging in alloy 
A1 (diffraction domains) was about 73 nm and average size of domains in Mg17Al12 particles was about 28 nm. 
Moreover, in the A1 remained about 1 wt. % of Mg particles, which size was about 3.2 m. In alloy A4, however, 
the average size of Mg and Mg17Al12 particles was 17 nm and 7 nm, respectively already before the cycling.  

(a) (b) 

(c) (d) 

Figure 2 Alloys 1 - 4 (a - d, respectively) after the BM 
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(a) (b) 

Figure 3 ALLOY I after 4 sorption cycles (a) and after 10 cycles (b) 0/25/350C 

 

Figure 4 Example of XRD pattern obtained with the use of X’Pert Pro MPD device using  
CoK radiation 

Distribution of carbon over the surface of particles was almost uniform over each of the both phases; the 
Mg17Al12 phase seems to be covered slightly more intensively than the Mg phase. This can be seen in 
concentration maps in Figure 5, that - at the same time - support the presumed morphology depicted 
schematically in Figure 1.  

2 deg)

ALLOY 4; BM only

ALLOY 1; BM + cycled

2

17 12
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Figure 5 Concentration maps - Alloy A4 

Experimental alloys were subjected to hydrogen charging/de-
charging cycles. An example of cyclic curve is plotted in 
Figure 6.  

It can be seen that there is a certain scatter in kinetics and 
ultimate carbon content in subsequent cycles due to non-
homogeneity of small samples (hundreds of milligrams). It is 
illustrated that the first absorption to the ultimate carbon 
concentration takes more time than the following ones. The 
comparison of this initial (formation) kinetics for all 
experimental alloys is shown in Figure 7a. It is clear that the 
higher content of graphite (and smaller average grain size) 
the shorter time is needed to hydride formation. This rules 
also for following cycles (Figures 7b. c), but the kinetics is 
much faster.  

Figure 6 Cycling of alloy A4 
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Figure 7 Kinetics of initiation (the first kinetic cycle) - (a) and kinetics of H2 absorption - (b) and desorption - 
(c) in alloys A1 - A4 after cycling 

It is also obvious in Figure 7a-c that carbon concentration exceeding 14 wt. % led to a decrease in HS capacity. 
This may originate in too much carbon that starts to restrict relative fraction of the phase that can storage 
hydrogen (Mg). 

4. CONCLUSION 

Graphite added to BM charge refines the mean grain size of milled alloys Mg@Mg17Al12 and improves the 
hydrogen sorption kinetics. The carbon content above 14 wt. %, however, decreases the HS capacity. 
Disproportionation according to Equations 1, 2 was not observed at the experimental temperature of 623 K. 
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Abstract 

Palladium nanoparticles (5.3 ± 1.4 nm) catalyze the reduction of hexacyanoferrate(III) ions with hydrogen in 
an aqueous solution. The reaction rate substantially (approximately 5.5-fold) increases if the nanoparticles are 
pre-saturated with hydrogen. Presumably, the reaction rate is limited by the dissociative adsorption of 
hydrogen on palladium particles. The difference between the electronic properties of hydrogenated and non-
hydrogenated palladium particles determines their activity in dissociation of the hydrogen molecule into atoms. 

Keywords: Catalytic reduction, palladium nanoparticles, hydrogen, potassium hexacyanoferrate(III) 

1. INTRODUCTION 

Nano-sized materials attract a lot of attention in science and technology. They represent a transient form 
between the atomic state and the condensed material. Therefore, nanomaterials possess a variety of unique 
properties. In particular, of considerable interest is the applicability of nano-sized transition metal particles in 
catalysis. 

Palladium is one of the most promising catalysts. Palladium nanoparticles have been studied as catalysts of 
hydrogenation [1,2], oxidation [3-5], carbon-carbon bond formation [6-7], and electrochemical reactions in fuel 
cells [8]. Palladium nanoparticles of different sizes have been used to catalyze electron transfer reactions  
[9-12]. Furthermore, palladium nanoparticles can serve as active catalysts for the synthesis of hydrogen 
peroxide from H2 and O2 [13,14]. 

Palladium is known to absorb up to 850 volumes of hydrogen. The adsorbed H2 molecules dissociate on the 
metal surface. It is believed that hydrogen diffuses inside metal and through metallic palladium films in the 
atomic state [15]. The H atoms are chemically bonded to surface palladium atoms. The interaction of the 1s-
electron of hydrogen with palladium electron gas may result in atom ionization and transfer of the electron "into 
the metal". This mechanism is likely to be inherent in the catalytic processes that involve palladium and 
molecular hydrogen [16]. 

Previously, it was shown that saturation of a palladium hydrosol (2 - 3 nm nanoparticles) with hydrogen 
substantially changes its optical properties. The absorption band of nano-sized metal particles with a peak at 
220 nm is converted to a new, broader band with a peak at 265 nm [9]. This change in the optical properties 
of palladium hydrosol is reversible. When hydrogen is pumped out and the solution is kept under vacuum, the 
initial absorption band of palladium nanoparticles is gradually restored. Similar results have been reported later 
in another study [17]. Thus, on saturation of the palladium hydrosol with hydrogen, metal nanoparticles (PdNP) 
are transformed into hydrogenated palladium nanoparticles (Pd-H2NP). The considerable difference between 
the electronic absorption spectra undoubtedly indicates that electronic states of these nano-sized palladium 
forms are different. Presumably, catalytic characteristics of PdNP and Pd-H2NP would also noticeably differ. 
This was confirmed by experiments. 
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2. EXPERIMENTAL 

Preparation of Pd nanoparticles (PdNP) 

Palladium nanoparticles PdNP were synthesized by exposure of aqueous solutions of [Pd(NH3)4]Cl2 to pulsed 
UV light by following the previously reported procedure [18]. Sodium polyacrylate (PANa) was used as a 
stabilizer. All solutions were prepared with distilled water, which was additionally deionized. 

Preparation of Pd-H2 nanoparticles (Pd-H2NP) 

Hydrogenated palladium nanoparticles Pd-H2NP were performed as follows. A PdNP hydrosol was placed into 
a special cell equipped with a quartz cuvette with a light path of 10.0 mm. The cell design allowed to carry out 
deaeration of it and to isolate of its internal volume from the environment. Then hydrogen was injected into the 
cell and saturation of the PdNP hydrosol was followed by stirring the hydrosol under a slight excess pressure 
for 24 h. After the optical spectrum was measured, hydrogen was removed from the colloidal solution by 
vacuum pumping. 

Catalysis 

As a model system for redox catalysis, we used the reduction of hexacyanoferrate(III) ions with hydrogen. 

The catalysis was carried out as follows. An aliquot of desire hydrosol was mixed with aqueous solution of 
hexacyanoferrate(III) ions. The resulting solution was stirred using a magnetic stirrer; then, it was deaerated 
and saturated with hydrogen. 

3. RESULTS AND DISCUSSION 

The obtained hydrosol PdNP had a narrow unimodal distribution of spherical nanoparticles with an average 
size of 5.3 ± 1.4 nm (Figure 1a). The ξ-potential was rather high in magnitude (-61.3 mV), which attests to 
high aggregative stability of the hydrosol. Indeed, the PdNP hydrosol retains stability for a month, and when 
stored at reduced temperature (5 - 10 °С), for up to six months. 

The end of formation of Pd-H2NP was detected by completion of the transformation of the optical band with a 
peak at 220 nm into the band with a peak at 265 nm. The Pd-H2NP hydrosol thus formed also possessed a 
high aggregative stability (the ξ-potential was about -55.0 mV). The data of TEM and DRS confirm the stability 
of Pd-H2NP on air for a long time. 

 
Figure 1 (a) TEM images of PdNP and size distribution. (b) Size distribution of palladium nanoparticles 
before (PdNP) and after saturation with H2 (Pd-H2NP) in aqueous solutions measured by DLS method 

The palladium nanoparticle size and distribution after hydrogenation remained the same, according to TEM 
data. This was also confirmed by DLS used in liquid medium. The average hydrodynamic size and distribution 
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of palladium colloids proved to be virtually the same for PdNP and Pd-H2NP hydrosols (Figure 1b). That is, 
palladium hydrogenation in an aqueous solution is not accompanied by any noticeable change in the size of 
colloidal metal particles. The PdNP and Pd-H2NP hydrodynamic size (13.8 ± 3.9 nm) is markedly higher than 
the palladium nanoparticle size determined by TEM (cf. Figures 1a and 1b), because the DLS method, unlike 
TEM, measures the size of the micelle comprising the metal core and the protective solvation shell. 

Previously, colloidal gold-catalyzed reduction of hexacyanoferrate(III) ions with borohydride ions in alkaline 
aqueous solutions has been studied [19]. 

The ratio of the standard redox potentials of reactants implies that the reaction should proceed spontaneously 
(Е0(Fe(CN)63-/Fe(CN)64-) = +0.36 V [20]). However, in the absence of a catalyst, no reduction of Fe(CN)63- with 
hydrogen in an aqueous solution takes place. The presence of PdNP and Pd-H2NP aliquots in the  
solution initiates the process. The reduction was carried out with permanent stirring of the solution.  
The reaction kinetics was investigated by monitoring the disappearance of the Fe(CN)63- absorption band at 
420 nm (ε420 = 1.0×103 M-1∙cm-1) [21]. This is exemplified in Figure 2, which shows the kinetic curves in the 
presence of PdNP and Pd-H2NP with equal palladium concentration (2.0×10-5 M Pd0). It can be seen that the 
reaction is much faster with hydrogenated palladium. 

 
Figure 2 Kinetic curves for the reduction of hexacyanoferrate(III) ions with hydrogen in the presence of 

palladium nanoparticles: (a) - PdNP and (b) - Pd-H2NP. 
Solution: [Pd0] = 2.0×10-5 M; C0(Fe(CN)63-) = 1.0×10-3 M; p(H2) = 1.0 atm 

It was found that during the catalytic reaction, the hydrosols retained stability and no nanoparticle aggregation 
took place. The nanoparticle size and distribution checked by TEM and DLS-method did not change noticeably. 
Note also that 24 h after the reaction conducted in air, a weak light-blue color appeared in solutions. Apparently, 
this was due to partial dissolution of palladium and formation of the Pd2+ ferrocyanide complex. However, in 
PdNP and Pd-H2NP hydrosols in the presence of hydrogen, no palladium corrosion was observed even on 
long-term storage (24 h). The kinetics of Fe(CN)63- reduction in the presence of PdNP and Pd-H2NP is 
described by first-order equations (Figure 2). Kinetic experiments were repeated at least 3 times. They  
were reproduced with an error of ±5%. The rate constants for the palladium content of 2.0×10-5 M are  
1.11×10-1 s-1 and 6.24×10-1 s-1 for PdNP and Pd-H2NP, respectively. That is, the rate of one-electron reduction 
of the hexacyanoferrate(III) ions with hydrogen is ~6 times lower with the PdNP catalyst than with the Pd-H2NP 
catalyst. Results of our experiments confirm the fact that the catalytic activity of PdNP and Pd-H2NP is not 
changed for a long time (2 - 3 days). 

The rate of this reaction is proportional to the concentration of nanoparticles in solution, i.e., to the catalyst 
surface area. The concentration of hydrogen accumulated in Pd-H2NP itself is too low to affect the process by 
itself. For the Pd0 concentration used (2.0×10-5 M) and the known ratio H2/Pd0 ≈ 0.35 ÷ 0.65 [9], the content of 
the dissolved H2 in the Pd-H2NP hydrosol is only about 1×10-5 M. This is incomparably less than the electron 
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equivalent needed to reduce 1.0×10-3 M of Fe(CN)63-. The processes of hydrogen saturation of palladium 
nanoparticles and, conversely, hydrogen withdrawal from hydrogenated palladium by evacuation of the 
solution are rather slow and may last for tens of minutes. This implies that the Fe(CN)63- reduction with 
hydrogen over a short period of time from several to ten minutes involves, most likely, palladium nanoparticles 
in the initial chemical form: PdNP or Pd-H2NP. 

The dissociative adsorption of H2 molecules on palladium nanoparticles is apparently the rate-limiting step of 
the reduction under these conditions. The dissociative adsorption and the related electron transfer, is also the 
rate-limiting step in the Au(III) reduction with hydrogen on gold nanoparticles in aqueous solution22. The 
catalytic activity of the “hydrogenated” palladium proves to be substantially higher than that of “non-
hydrogenated” palladium. Hydrogen accumulated in palladium results in a considerable rearrangement of the 
electron subsystem of the nanoparticles [9, 17]. As follows from experiments, it activates the atomization of 
hydrogen. It has been previously [23, 24] found that platinum nanoparticles in aqueous solution prepared by 
various methods also differ noticeably in catalytic activity. 

4. CONCLUSION 

Thus, our results demonstrate that palladium nanoparticles efficiently catalyze the reduction of the 
hexacyanoferrate(III) ions by hydrogen. The hydrogenated palladium particles possess a considerably 
(approximately 6-fold) higher catalytic activity. Palladium hydrosols are convenient systems for investigating 
reactions involving hydrogen. Palladium is highly promising for catalysis and, therefore, our results can be 
useful for understanding of the mechanism of hydrogenation of organic compounds. Studies of the effect of 
composition of aqueous solutions (concentrations of reactants: Pd0, Fe(CN)63-, H2 and рН value), temperature, 
and palladium nanoparticle size and structure on the kinetics and mechanism of the catalytic reduction of the 
hexacyanoferrate(III) ion with hydrogen are currently underway and will be reported elsewhere. 
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Abstract 

Hydrogels represent nowadays important material either from scientific point of view, as well as for the 
applications. This contribution is focused on the study of transport properties of reactive hydrogels based on 
agarose. This polysaccharide can at certain conditions form hydrogel matrix, which represent ideal carrier 
matrix for additional substances (e.g. polyelectrolytes). Incorporation of specific modifiers allows tuning the 
final properties (e.g. reactivity) of these hydrogel in respect to the needs of the application. The experimental 
part of present work was focused on the observation and quantification of the transport of Rhodamine 6G in 
individual reactive agarose-based hydrogels. Two basic approaches were used (both based on diffusion 
processes). Firstly, the simple macroscopic observation of diffusion of Rhodamine 6G from solution into 
cuvettes containing individual agarose-based reactive hydrogels (diffusion model of constant source) was 
applied. The second used technique was based on Rhodamine 6G self-diffusion measurement (using the 
method of fluorescence correlation spectroscopy). Both methods showed to be valuable in deeper description 
and characterization of the interactions and mobility of selected probe in reactive agarose-based hydrogel 
matrices. The obtained data from diffusion experiments were correlated with several basic structural 
characteristics of studied hydrogels (internal pH value, content of water, wettability…) as well as their 
mechanical properties (mainly rheological). The results indicated that the transport and barrier properties of 
individual agarose-based hydrogels are significantly affected by charge of the polyelectrolyte, which is 
incorporated in hydrogels matrix, as well as by its charge density. 

Keywords: Diffusion, fluorescence correlation spectroscopy, hydrogels, polyelectrolyte, reactivity 

1. INTRODUCTION 

Gels are ubiquitous materials with broad application both from scientific [1-3] as well as industrial [3] point of 
view. Gels can be described as dispersion systems, containing the dispersion phase interconnected into three-
dimensional network. Inside this network, the dispersion medium is entrapped. Gels can be divided according 
to the type of used dispersion medium to hydrogels (medium is water) or oleogels (medium is oil). Moreover, 
according to the type of interactions between particles or chains of the dispersion phase, gels can be divided 
on physical or chemical gels [2,3]. From mechanical point of view, gels are often described as materials on the 
border between solids and liquids. This means that at some specific conditions gels can have properties of 
liquids (viscous properties, can flow). On the other side, under different conditions, they can behave as solids 
(elastic response). These specific properties together with their simple preparation procedure at defined size 
and shape, experimentally easy way of manipulation, usually simple mathematical description of shape and 
basic parameter, almost no effects of convection on internal transport and comparable speed of diffusion in 
comparison with liquids create from hydrogels highly attractive material especially in respect toward the 
possible applications [3]. 

The above described properties of hydrogels are highly beneficial also for the application in the area of drug 
delivery systems. For this specific application, important parameter - biocompatibility must be also considered 
and deeply accessed [4]. Hydrogels (or generally gels) can be assumed as highly porous structures, which 
can be easily tuned (the density of cross-linking, the degree of swelling of gels…) according to the needs of 
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the application. The high porosity of three-dimensional hydrogel networks also tender free cavities for 
incorporation of additional substances such as drugs or other active compounds [5]. For the area of hydrogel 
based carrier systems, the knowledge of drug loading and releasing kinetics as well, its stability at different 
conditions, diffusion coefficient of the small molecule or macromolecule through the gel network seems to be 
crucial [6]. Especially with respect to the fact, that most of the hydrogel-based carrier systems belong to the 
group of swelling-controlled drug delivery systems [7]. 

The study on the transport properties of carrier systems based on thermoreversible agarose hydrogel is object 
of present contribution. Generally, agarose is an example of thermoreversible polysaccharide, which can at 
specific condition form hydrogel. More details on the way of agarose hydrogel preparation can be found in [8]. 
In our work, agarose hydrogel represents non-reactive three-dimensional carrier matrix containing free pores, 
which can be assumed as available cavities for loading with additional substances (drugs or other active 
compounds). For purposes of experimental works of present contribution as active substances incorporated 
in agarose hydrogels, polyelectrolytes were used. The addition of polyelectrolytes into non-reactive agarose 
structure provides to agarose hydrogels reactive centers for binding of oppositely charged species. These 
hydrogels containing available reactive centers as well as original pure agarose hydrogel were used in our 
work in subsequent study on their transport experiments. Basically, the knowledge of transport properties of 
carrier system represent a crucial parameter, which can significantly contribute in the knowledge of mobility, 
barrier properties and controlled release of different species in such a system. All this findings can be beneficial 
mainly for better prediction of behavior of hydrogel-based carrier systems and their response on external 
stimuli (e.g. change of pH, ionic strength, temperature). 

2. EXPERIMENTAL 

2.1. Materials and Methods 

Solid agarose powder (Type I, low EEO, Sigma Aldrich) as well as all the polyelectrolytes (sodium alginate, 
hyaluronic acid, carrageenan, sodium polystyrene sulfonate, dextran and chitosan) used in present work were 
purchased in p.a. purity grade and were used in work without further purification. More details on the way of 
hydrogels preparation and incorporation of polyelectrolytes into hydrogels can be found in chapter 2.1.1. All 
the individual polyelectrolytes were characterized by determination of their molecular weight 
and hydrodynamic radius using the method of SEC-MALS-dRI (combined instrumental set-up based on size 
exclusion chromatography - Agilent and Multiangle Light Scattering and Differential Refractive index detection 
- WYATT). More details on the way of determination of both molecular weight and hydrodynamic radius as 
well as on the settings of the instruments can be found in our previous publication [9-11].  

2.1.1. Preparation of agarose hydrogels 

For preparation of basic agarose hydrogel, the accurate weight of agarose powder was dissolved in exact 
volume of distilled water. The temperature was increased up to 85 °C. At this temperature, agarose becomes 
soluble in water. Subsequently, the sample was immersed at the same temperature in ultrasound bath for 
1 minute. The sample was transferred into form to create desired hydrogel shape (spectrophotometric 
cuvettes) for transport experiments. For preparation of agarose-based hydrogels containing individual 
incorporated polyelectrolytes, the procedure was similar. The only difference was in the initial step, where solid 
agarose powder was dissolved in the exact volume of water + appropriate amount of stock solution of individual 
polyelectrolytes.  All the agarose based hydrogels in present work were prepared with fixed content of agarose 
1 wt. %. The concentrations of individual polyelectrolytes, which were incorporated into agarose structure, 
were following: 0, 0.002, 0.005, 0.010 and 0.100 wt. %. 

For the study of self-diffusion of Rhodamine 6G using fluorescence correlation spectroscopy (FCS), the 
procedure of individual hydrogels preparation was similar. The only difference was in the fact, that the samples 
for FCS already contained homogenously dispersed constant concentration of diffusion probe (Rhodamine 
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6G, concentration in the hydrogels ≈ 5×109 M). The probe was added into the initial mixture of agarose powder 
and water (respectively water and exact volume of polyelectrolyte stock solution) before heating up of the 
sample. The remaining procedure of agarose hydrogels preparation was the same as was described in 
previous paragraph. 

2.1.2. Macroscale diffusion approach 

The macroscale diffusion approach was in present work observed by simple observation and quantification of 
time development of in-depth diffusion of selected probe (Rhodamine 6G) from its source diffusion solution 
(initial concentration 0.01 g / dm3) into classical spectroscopic cuvettes filled with individual hydrogel samples 
(both pure agarose hydrogels as well as hydrogels with different incorporated polyelectrolytes), which were 
during the diffusion experiments immersed inside the diffusion solution. More details about the sample 
preparation procedure can be found in chapter 2.1.1. At defined time (24, 48 and 72 hours) the cuvettes with 
individual agarose-based hydrogels were taken out from the solution, carefully dried and the concentration of 
Rhodamine 6G in dependence on the distance from the solution/hydrogel interface was determined by means 
of UV-VIS spectrometry (the method of calibration curve; for measurements used cuvette holder with 
adjustable measuring position). More details on mathematic description of used diffusion model as well as on 
settings of the diffusion experiment can be found elsewhere [8,12-14]. The effective values of diffusion 
coefficients were determined as main parameters used for deeper comparison of transport phenomenon in 
different hydrogel samples as well as for assessment the effect of the concentration of incorporated 
polyelectrolyte. 

2.1.3. Microscale diffusion approach 

For better description of the diffusion of used probe (Rhodamine 6G) in individual studied 1 wt. % agarose-
based hydrogel samples (both pure agarose hydrogels as well as hydrogels with different incorporated 
polyelectrolyte) as well to be able to get information on the internal processes and inhomogeneities in individual 
studied samples, the microscale observation of self-diffusion of probe using FCS on MicroTime 200 instrument 
(PicoQuant, Germany) equipped with fluorescence microscope Olympus IX71 (used setup of system: laser 
wavelength 510 nm, dichroic mirror 514 / 640 nm, emission filter 550 / 49, laser intensity 6.6 μW) was also 
utilized. Moreover during FCS measurements 2 SPAD detectors were used, which allowed us to use cross-
correlation for data evaluation. To maintain uniform measurement conditions, at the beginning of the 
experiment the xz scan was performed and the position of glass-gel interface was identified. Afterwards, xy 
scan was performed 5 m above the glass surface and 3 points were chosen for measurements for each 
sample. Subsequently, for FCS analysis each individual hydrogel sample was prepared in five replicates. The 
main outcome from FCS analysis is coefficient of self-diffusion of Rhodamine 6G in each individual hydrogel 
sample. 

3. RESULTS AND DISCUSSION 

The present contribution is dealing with the study on the transport properties of reactive carrier systems based 
on thermoreversible agarose hydrogel. The knowledge of transport properties of such carrier systems 
represents the one of the most crucial parameters, which must be taken into account considering their proper 
description (e.g. release or sorption of specific molecules or nanoparticles, swelling…etc.) as well as for 
prediction of response of these systems after application of external stimuli. In our work, we focuses on the 
study of transport of selected probe (Rhodamine 6G) in model systems based on agarose hydrogels containing 
incorporated polyelectrolytes. The experimental works can be divided on two parts. The first part was focused 
on the study and quantification of macroscopic diffusion process (results shown in chapter 3.1). For better 
description of internal transport phenomenon, fluorescence correlation spectroscopy (FCS) was used to 
determine the self-diffusion coefficient of used probe (Rhodamine 6G) inside of all studied hydrogels (results 
discussed in chapter 3.2). 
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3.1. Macroscale diffusion approach 

The first part of experimental works of present contribution was focused on the macroscale approach in the 
study on the transport of selected probe (Rhodamine 6G) in individual used hydrogels. The obtained 
experimental data were subsequently mathematically described according to the diffusion model of constant 
source. More details on the mathematical model, description of data evaluation or necessary conditions of the 
model can be found in [12-14]. The example of obtained experimental data for diffusion in hydrogels containing 
incorporated variable amount of sodium alginate is shown in Figure 1a). The calculated values of effective 
diffusion coefficients (the value of diffusion coefficient in which the influence of formation of the interactions in 
the system as well as of torturous movement in porous structure of gel matrix is hidden) indicate direct relation 
to content of polyelectrolyte in agarose hydrogel. These results are also in good correlation with direct visual 
observation (Figure 1b) - example for 24 hours duration of diffusion). It is obvious, that with increasing 
concentration of polyelectrolyte in the agarose hydrogel, the transport of Rhodamine 6G into gel is slowed 
down and on the other hand, the concentration on the interface is regularly increasing (resulting in more intense 
color of probe on the gel/solution interface in Figure 1b). Similar results were obtained for hydrogels containing 
incorporated other negatively charged polyelectrolytes (carrageenan, PSS, hyaluronic acid). On the other 
hand, for hydrogels containing dextran and chitosan, we have observed no differences respectively small 
increase of effective diffusion coefficient. These findings illustrates importance of electrostatic interaction that 
is formed during the process between positively charged solute (Rhodamine 6G) and oppositely charged 
polyelectrolytes in hydrogels on its transport.  

   

Figure 1 a) Dependences of effective diffusion coefficients of Rhodamine 6G and b) Photo of individual 
cuvettes contacting variable concentration of incorporated polyelectrolyte (increase in direction from left to 

right) - in both shown data for diffusion in hydrogels containing sodium alginate 

Moreover, the data comparing effects of individual used polyelectrolytes incorporated in agarose hydrogels on 
the transport of Rhodamine 6G are shown in the Figure 2a). The most significant decrease of effective diffusion 
coefficient of Rhodamine 6G was observed for hydrogels containing incorporated negatively charged 
polyelectrolytes (PSS, sodium alginate, hyaluronic acid, and carrageenan). For this phenomenon, the density 
of the charge of polyelectrolyte is obviously another important parameter. In the case of dextran and chitosan, 
there was almost no difference between obtained values of effective diffusion coefficient in pure agarose 
hydrogel and in hydrogels containing these polyelectrolytes. This confirms no interaction between positively 
charged Rhodamine 6G and both polyelectrolytes (dextran as well as chitosan) possessing also positive 
charge. 
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3.2. Microscale diffusion approach 

The results from macroscopic diffusion were in present work compared with microscale observation of internal 
transport of selected model probe (Rhodamine 6G) inside individual utilized reactive hydrogels. For these 
purposes the method of FCS was used, enabling observation of the fluctuations of fluorescence signal resulting 
from random motion of Rhodamine 6G in and out of the confocal volume, which is created in the sample, by 
focused laser-beam. Stronger fluctuations (for definite temperature and viscosity of the solvent) mean, that the 
molecule spends less time in the confocal volume, its diffusion is therefore faster and as an consequence also 
higher diffusion coefficient is measured. Because diffusion coefficient of Rhodamine 6G in water solution is 
known, it is easy to compare the values of Rhodamine 6G diffusion coefficient measured in agarose hydrogel 
matrix with the values for free diffusion in water. From this comparison, suggestions about influence of agarose 
gel matrix and addition of reactive polymer into the agarose gel on Rhodamine 6G diffusion can be made. 
Obtained diffusion coefficients of Rhodamine 6G inside pure agarose hydrogels as well as hydrogels with 
incorporated 0.1 wt. % of individual polyelectrolytes are listed in Figure 2b). 

 

Figure 2 a) Determined values of effective diffusion coefficients of Rhodamine 6G from macrodiffusion 
experiments and b) Self-diffusion coefficients of Rhodamine 6G obtained by FCS; both for diffusion in 

agarose gel containing 0.1 wt. % of polyelectrolytes (AG = agarose, Car = carrageenan, HyA = hyaluronic 
acid, Alg = sodium alginate, PSS = polystyrene sulfonate, Dex = dextran hydrochloride, Chit = chitosan) 

The microscopic observation of self-diffusion coefficients of Rhodamine 6G in agarose hydrogels containing 
individual polyelectrolytes confirmed results from macro-diffusions. The decrease in diffusivity of Rhodamine 
was observed for hydrogels containing oppositely charged polyelectrolytes (=PSS, sodium alginate, hyaluronic 
acid, carrageenan). The results also indicated the importance and the impact of density of polyelectrolyte 
charge on absolute value of diffusion coefficient. Moreover, FCS measurements also confirmed, that in the 
case of incorporation of dextran or chitosan (possessing the consistent charge as the probe) into agarose 
hydrogel matrix, there were almost no changes in Rhodamine 6G diffusion coefficients. 

4. CONCLUSION 

This contribution provides unusual combination of macro- and microscale approach in the study on transport 
and barrier properties of reactive hydrogels based on agarose. From the obtained experimental data it is 
obvious, that results obtained from both experimental approaches were in good correlation. The experimental 
outcomes confirmed electrostatic interaction of observed probe with polyelectrolytes incorporated in agarose 
hydrogels as the main parameter affecting the transport of the probe. Moreover, the charge density of 
polyelectrolyte was defined as second important parameter. To sum up, the proposed combination of both 
macroscopic and microscopic approaches in the observation of probe movement and transport through 

0

1

2

3

4

5

6

7

pure AG Car HyA Alg PSS Dex Chit

ef
fe

ct
iv

e 
di

ffu
si

on
 

co
ef

fic
ie

nt
 x

10
10

(m
2

/ s
 )

0

1

2

3

4

5

pure AG Car HyA Alg PSS Dex Chit

di
ffu

si
on

 c
oe

ffi
ci

en
t 

×
10

10
 (m

2
/ s

 ) 
a) b) 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

809 

agarose hydrogels proved to be suitable for deeper characterization of transport properties of complex systems 
such as hydrogels, which is highly desirable mainly for their possible future applications in the area of carriers 
systems. 
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Abstract 

In this work, four different flowability powder tests - angle of repose measuring, flow from hopper simulation, 
classical tube method and evaluation of flow functions using FT4 powder rheometer - were compared. The 
TiO2 powders with different content of nanoparticle were used for these comparisons. These powders were 
characterized by basic mechanical-physical parameters such as particle size distribution, density, moisture 
etc. The first flowability method (angle of repose measuring) uses stand with vibration feeder of fine powder 
material. Flow simulation method is based on powder flow from the hopper. Both mentioned test stands were 
created in Bulk Solids Centre Czech Republic. Third classical tube method is based on free pouring of powder 
on the pad. These three methods named above are evaluated on a static angle of repose. The fourth test is 
based on the calculation of the flow function as ratio major principal stress and unconfined yield strength 
measured using FT4 powder rheometer. Flowability methods of TiO2 powder have been compared. The 
advantages and disadvantages of the individual methods and the areas of their use have been identified. 

Keywords: Flow, powders, angle of repose, titanium white, FT4 powder rheometer 

1. INTRODUCTION 

Flowability, one of the basic parameters of bulk materials, indicates the ability of bulk material to flow. In 
determining this parameter, the angle of repose was used, classifying the flow of bulk material into individual 
modes. This parameter was determined by three methods. Flowability was also determined using the shear 
device - powder rheometer Freeman FT4. The obtained data were evaluated, discussed and compared. This 
study was conducted on four samples of titanium white (A, B, C a D). 

2. MATERIALS AND METHODS 

2.1. Materials 

Titanium white is a chemical compound of oxygen and titanium. Around the world, titanium dioxide is most 
commonly found in three mineral forms, and titanium white is produced by their treatment. The three basic 
forms of titanium dioxide are rutile, anatase, and brookite [1]. These minerals are very brittle, with a composition 
of Ti 59.9% and O 40.06%, insoluble in acids. 

Rutile is a tetragonal mineral. It has the most stable nanoparticle system above 35 nm, with a density of about 
4.2-4.3 g.cm-3. This mineral has a perfect cleavage according to (101) and less perfect according to (100), the 
fracture being uneven and shelly. 

The second one of these minerals is anatase. Anatase is also a tetragonal mineral. It has the most stable 
nanoparticle system close to 11 nm, with a density of about 3.9 g.cm-3. This mineral has a perfect cleavage 
according to (101), while the fracture is shelly. 
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The last of these minerals is brookite. This mineral is rhombohedral. It has the most stable nanoparticle system 
in the range of 11-35 nm, with a density of about 4.1 g.cm-3. This mineral has an imperfect cleavage according 
to (120), while the fracture is semi-shelly [2]. 

Titanium white is used in the cosmetic (creams, sunscreens), pharmaceutical (medicines, tablets, toothpaste, 
etc.) and food (E171) industries. It absorbs UV radiation and transforms it into harmless heat, and is used as 
a pigment, for its distinctive brightness and high refractive index. It is highly hydrophobic and therefore it is 
used to make car glass and spectacles. Suitably modified titanium oxide can be also used as a photocatalyst. 
It is also used in some types of solar cells; in medicine it allows the adhesion of implants to bones.  

For testing of flowability, four samples A, B, C, D with different crystallography and particle size distribution 
were used. The particle size was measured on a CPS DC24000 Disk Centrifuge.  

3. METHODS 

For this type of study, three methods for determining the angle of repose and two methods for determining the 
flowability were used, and also the measuring device for determination of granulometry, a CPS DC24000 Disk 
Centrifuge 

3.1. Particle size distribution method 

Particle distribution was performed on the above mentioned device, a CPS disk Centrifuge RPS 24000 with a 
measurement range of 0.01 to 40 microns. This device evaluates the distribution using the centrifugal 
sedimentation principle. By using several layers of liquid of different density, a so-called density gradient is 
created in a transparent measuring cell. Through this gradient, the measured particles pass and are slowed 
down by the density difference of the liquid in the gradient layers and accelerated by the centrifugal force of 
the rotating cell. The particle size and concentration are detected by a laser located on the outer edge of the 
rotating cell [3]. 

3.2. Titanium white flow parameters determination  

The first method determines the flow function using the Freeman FT4 powder rheometer [3]. The flowability is 
then evaluated by the Jenike theory [4], where the value of the flow function is given as ratio major principal 
stress and unconfined yield strength. This flow function is based on the Mohr circles and the stress state of 
the bulk material. The second method was determination of the flow character of the bulk material by 
determining the angle of repose. The flow character is then determined from the following Table 1. 

 Powder flow classification according to angle of repose (left) [5] and flow function (right) [4] 

Powder flow Angle of repose [°]  Powder flow Flow function 

Excellent 25-30  Free flowing > 10 
Good 31-35  

Easy flow 4-10 
Fair 36-40  

Passable 41-45  
Cohesive 2-4 

Poor 46-55  

Very poor 56-65  Very cohesive 1-2 
Very, very poor > 66  Hardened 0-1 

3.3. Angle of repose determination methods 

The angle of repose was determined by three methods. The dynamic angle of repose measured on a stand - 
rotating drum, the static angle of repose measured on the Zenegero measuring device and by simply pouring 
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the volume of bulk material onto a horizontal pad. The device for determination of the dynamic angle of repose 
and the Zenegero device were created in the labs of the Bulk Solid Center Czech Republic [3]. 

Determination of the dynamic angle of repose 

This parameter was determined by stand - rotating drum. This device consists of a rotating drum on supports, 
drive and frequency converter. The measured material is loaded into the drum and the drum speed is adjusted 
using the frequency converter. For this study, drum speeds of 12 and 18 rpm were used. An optical device 
(camera) captures images of the shifted material in the drum, and the angles of the material are read before 
(α) and after (β) loading during rotation of the drum. The dynamic angle of repose is then the mean value (φ) 
of the above angles of slope [6]. 

 
 Measuring of dynamic angle of repose in rotating drum 

Determination of the static angle of repose 

The static angle of repose was determined by pouring the volume of material on a horizontal pad (Figure 2 
left). For this purpose a measuring cylinder is used, filled with the measured sample. The cylinder is then 
carefully placed on the horizontal surface with by the bottom down and raised with continuous speed. The 
material begins to spill and lay on itself. After pouring, the angle of the material slope to the horizontal surface 
on which the material is piled is read out. The second method determines the static angle of repose using the 
Zenegero device (Figure 2 right). 

        
 Left - static angle of repose determined by pouring of powder on a horizontal pad for sample A, 

right - static angle of repose determined by Zenegero method for sample C 

The material is poured continuously by the vibratory feeder through a funnel onto the horizontal surface (tray). 
The excess material starts to spill out of the tray, leaving a pile of material on the tray. The static angle of 
repose is then determined as the angle of the slope to the horizontal surface of the tray.  

α 

β 
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4. RESULTS 

The measurement results are shown below (Figure 3, Table 2, Table 3, Table 4). Particle size distributions 
of samples and crystal structures are shown at Figure 3. 

Sample A Rutil

 

Sample B Rutil

 

Sample C Anatas

 

Sample D Rutil 

 

 Particle size distribution and crystal structure of samples A - D 

 Measurement results of dynamic angle of repose 

Sample 

Average value of dynamic angle of repose [°] 

Relative character of flow 
Rotation [rpm] 

Average value 
12 18 

A 50.27 40.64 45.45 Poor  

B 49.28 46.63 47.95 Poor 

C 51.48 60.01 55.75 Very poor 

D 49.80 43.44 46.62 Poor 

When evaluating the dynamic angle of repose it was determined that during the shifting a so-called cascade 
effect occurs that affects this measurement. It was found that for measurement of cohesive substances it is 
advisable to keep the lower speed of the drum for more accurate measurement and to try to eliminate this 
effect. It was further found that the rotation causes a lot of dusting of the particles for samples A, B and D. The 
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dusting of sample C was minimal. This can be probably attributed to the mineral type and the perfect cleavage 
of crystals according to (101). Also for samples A, B and D the dynamic angle of reposes were greater at 12 
rpm and for sample C at 18 rpm. The flow character was evaluated only relatively (Table 2). Currently, there 
is no classification of flow according to the dynamic angle of repose in the literature. This is most likely due to 
many factors that may affect the measurement. This measurement is not standardized.  

 Measurement results of static angle of repose 

Sample 
Average value of static angle of repose [°] Flow classification 

ZENEGERO Pouring of powder ZENEGERO Pouring of powder 

A 34.71 28.38 Good Excellent 

B 42.59 31.79 Passable Good 

C 46.78 32.68 Poor Good 

D 41.51 30.55 Passable Excellent 

The flow character was determined by the static angle of repose using Table 1. This table determines the flow 
character using the static angle of repose. With the method using pouring of the bulk material on the horizontal 
pad there was a problem of the pulsating shocks that occurred during emptying the measuring cylinder. This 
affected the formation of the pile of bulk material, and the material was forced to move more widely into space. 
Therefore, the angle of the slope of the material with the horizontal plate was much smaller and the flow 
function was determined as better flowing. This was the reason behind the development of the Zenegero 
device which does not have those shocks. Here the material is poured by layers. Once the internal stresses in 
the bulk material have been overcome, the material is torn off and the excess overflows the tray. The static 
angle of reposes were read, evaluated and compared in the Table 1. The measured values are listed in  
Table 3.  

The last measurement in this study was carried out on the Freeman FT4 powder rheometer. The values were 
evaluated based on Table 1and listed in Table 4. 

 Flow classification according to flow function values measured by powder rheometer Freeman FT4 

Sample Flow function Flow classification 

A 1.18 Very cohesive 

B 1.96 Very cohesive 

C 1.05 Very cohesive 

D 3.92 Cohesive 

Due to the smaller number of the flow character zones, they were classified in the sectors of very poorly flowing 
and flowing with difficulty. In this case sample D had the best flow. This is probably due to the distribution of 
the particle size in the sample. This was the only sample not containing particles smaller than 200 nm. Thus 
the air pores are not filled with the dust fraction but with air and the material is more compressible. The shear 
strength of sample D is less than that of others and is better flowing. 
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5. CONCLUSION 

The aim of the study was the comparison of methods for determination of the flow character of titanium white 
samples. Four methods were compared. Using a dynamic angle of repose, where the measurement was 
influenced by a cascade effect, it was found that for cohesive materials it is advisable to use lower speeds of 
the measuring drum. It was determined that for the 12 rpm setting the rutile titanium white exhibited a greater 
dynamic angle than for the 18 rpm setting. This was the opposite for the anatase titanium white. For this 
method, it was necessary to determine the flow character only relatively. In determining the flow character by 
means of a static pour angle, it was found that the method of emptying the volume of material on a horizontal 
pad is not sufficiently suitable for determining the flow character of titanium dioxide due to pulsating shocks 
during material discharge. This undesirable phenomenon affects the measurement and determination of the 
flow character of the material. Therefore the Zenegero device was used, where the material is gradually poured 
onto the tray and the static angle of repose is read after the stress state has stabilized in the bulk material. 
These angles were compared to the table for determination of the flow character, and it was found that the 
classification of sample C was the worst in this case, samples B and D were transported moderately “on 
average” and sample A was transported the best. The results of determining the flow character using the flow 
function measured with the Freeman FT4 powder rheometer were different compared to the other methods. 
By applying normal force, the material of sample D is probably more compressed because it does not contain 
the finer fraction of the particles as the others, there is lower shear strength of the sample and it is defined as 
the best flowing. This study found that the flow character of the titanium white sample was significantly 
influenced by size distribution and shape of the particles. When measuring the flow character using the 
dynamic angle of repose the effect of morphology prevails, and when measuring the flow character using the 
Freeman FT4 powder rheometer where material compression occurs, the effect of granulometry prevails. 
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Abstract  

In this work, we present fabrication and electrochemical characterization of bilayer doped diamond electrodes. 
The bilayers with different doping concentration have been fabricated by plasma enhanced chemical vapor 
deposition in two steps: namely an inner thick layer of highly boron doped diamond ([B] > 2·1020 B atoms per 
cm-3) and an outer thin layer with a lower boron concentration. All samples were grown on electrically 
conductive silicon substrate using an ASTeX 5010 deposition system. Effect of the deposition time, i.e. the 
thickness and doping concentration of outer thin diamond layer on electrochemical properties of the diamond 
electrodes have been studied by cyclic voltammetry and impedance spectroscopy. This study is motivated by 
the objective to produce diamond electrode with both wide potential window and high electrical conductivity 
using a bilayer structure. 

Keywords: Bilayer diamond electrode, potential window, cyclic voltammetry, impedance spectroscopy 

1. INTRODUCTION 

With a wide potential window in aqueous solutions, low background current and high chemical stability, 
electrically conductive diamond is one optimal material choice as working electrode for electrochemical 
applications [1]. As a wide band gap semiconductor, conductivity of diamond can be controlled through 
incorporation of electrically active impurities, usually using boron atom as acceptor atoms. For boron 
concentration above c.a. 21020 atoms per cm-3, that optimally corresponds to a B/C ratio of c.a. 2000 ppm B/C 
in the gas phase during diamond layer synthesis, the conductivity of diamond switch from semiconducting in 
the freeze out regime with resistivity above 10 Ωcm to metallic type conductivity and resistivity of 1 to 
10 mΩcm and hence faster electron transfer [2]. However, the potential window of diamond electrodes 
decreases with increasing boron concentration [3]. It is also known that the sp2-bonded carbon impurities 
decrease the potential window on the side of oxygen evolution reaction [4]. Pietzka et al. [5] already presented 
the idea of electrode with a thin low-doped layer on a highly boron-doped diamond layer. Using this approach, 
the bilayer diamond electrode had wider potential window than the single layer electrode with high boron 
doping. To characterize electrodes, they used electrochemical impedance spectroscopy and cyclic 
voltammetry. We extended this idea by showing a variation of electrochemical properties of bilayer diamond 
electrodes with thickness and boron concentration of outer diamond layer. 

2. EXPERIMENTAL 

2.1. Fabrication of diamond electrodes  

Diamond films were grown on conductive silicon substrates (1 cm2) in a microwave plasma enhanced chemical 
vapor deposition apparatus (AX5010 Seki ASTeX, San Jose, CA, USA). Prior to the deposition of diamond 
layers, substrates were cleaned in acetone, isopropyl alcohol and hot water for 10 min in each one of them 
and then seeded with a nanodiamond dispersion (4 to 6 nm). To produce bilayer diamond electrodes 
deposition took place in two steps. To produce the inner layer in the first step a set of seven samples was 
deposited under the following conditions: pressure of 50 mbar, MW power of 1150 W, gas flow rate of 500 
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sccm, 0.5% of CH4 in H2, B/C ratio of 2000 ppm and deposition time of 300 min. To produce the outer thin 
layer of diamond, six samples from the first step were deposited under the same conditions except the 
deposition time and B/C ratio in the gas phase (Table 1). Prior to the second deposition, the electrodes were 
treated by H2 plasma for 15 min. The scheme of the fabricated bilayer diamond electrode is presented in 
Figure 1. 

Table 1 Parameters of the growth of diamond films 

 Inner layer Outer layer 

B/C (ppm) 2000 0 0 0 200 200 200 

Deposition time (min) 300 6 9 12 6 9 12 

 
Figure 1 Scheme of the fabricated bilayer diamond electrodes 

2.2. Electrochemical measurements  

Electrochemical measurements were performed using a three-electrode setup. A platinum mesh was used as 
the counter electrode, an Ag/AgCl (sat. KCl) electrode was used as the reference electrode and as-grown 
diamond films were used as the working electrode. The geometric area of exposed working electrodes was 
0.5024 cm2. The electrodes were connected to a Gamry Reference 600+ potentiostat controlled by the Gamry 
Framework software (Gamry Instruments, PA, USA). All the electrochemical measurements were carried out 
in 0.5 M H2SO4 deaerated by nitrogen bubbling. Electrochemical impedance spectroscopy (EIS) was used to 
determine the capacitance of the double layer. Impedance data were recorded at the open circuit potential 
over the frequency range of 105 to 10-2 Hz. The amplitude of the applied potential signal was 10 mV. Cyclic 
voltammetry (CV) was used to measure the potential window of the diamond electrodes, and therefore followed 
the impedance measurements. The CV measurements were recorded at a scan rate of 100 mVs-1 between 
−1.75 V and 2.75 V vs reference electrode for 15 cycles. 

3. RESULTS AND DISCUSSION 

3.1. Cyclic voltammetry  

The cyclic voltammograms of the diamond electrodes in 0.5 M H2SO4 are shown in Figure 2. The values of 
the current were normalized to the geometric area of the diamond electrodes. In general, the width of the 
potential window increased with the thickness of the outer layer when compared with the single layer electrode 
(2000ppm-300’). On the contrary, the potential window decreased with the boron concentration of the outer 
layer. This trend was the opposite of that previously reported in the literature [3]. 

The general trends described above does not seem clear because of higher current density of hydrogen 
evolution reaction of the 2000ppm/0ppm-6’ electrode than of the 2000ppm-300’ electrode at −1.0 V. However, 
the onset of the hydrogen evolution started earlier in the case of 2000ppm-300’ than 2000ppm/0ppm-6’ 
electrode. The overall situation on the side of oxygen evolution is similar to the side of the hydrogen evolution. 
The onset of the oxygen evolution of 2000ppm-300’, 2000ppm/0ppm-6’ and 2000ppm/200ppm-6’ electrodes 
is shifted at least 300 mV in negative direction to c.a. 1.75 V (Figure 2, inset). The anodic peak around 2.1 V 
is attributed to the sp2 carbon. In the case of 2000ppm-300’, 2000ppm/0ppm-6’, 2000/0ppm-9’ and 
2000ppm/200ppm-6’ the sp2 peak was mildly reduced in the voltammograms after 15 cycles. In the case of 
the other electrodes the sp2 peak was strongly reduced. 
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Figure 2 Cyclic voltammogram of diamond electrodes measured in 0.5 M H2SO4, 15th cycle. The scan rate 

was 100 mVs-1. The inset shows the variation of anodic current peak with thickness and doping 
concentration of the outer diamond layer. 

3.2. Electrochemical impedance spectroscopy 

Experimental impedance data of the diamond electrodes are shown in Figure 4. Data are in the form of Bode 
plot, i.e. the dependency of the modulus of impedance and phase shift on the frequency. The phase shift of 6’, 
9’ electrodes and 2000ppm-300’ electrode reached almost the maximum of −90°, i.e. of an ideal capacitor. 
The impedance data were fitted by the models of an equivalent circuit (EC) shown in Figure 3 and the results 
are reported in Table 2. The impedance spectra of 12’ electrodes were complicated by the formation of the 
second time constant in the low frequencies of the spectra. This second time constant will be the object of the 
future characterization of the bilayer diamond electrodes, and therefore it was not fitted by models of equivalent 
circuit.  

 

Figure 3 Models of equivalent circuit (EC); Rs, series resistance, CPE, constant phase element, Rct charge 
transfer resistance  

The constant phase element, CPE, is more flexible for the approximation of the dispersive impedance data 
than the “ideal” capacitance. Impedance of the CPE element is expressed as:  

푍 = 푄 (푗휔)            (1) 

where Q is CPE coefficient and n is CPE exponent with 0 < n < 1. The exponent n is a measure of the 
capacitance dispersion. The coefficient Q has dimension of capacitance when n = 1, and resistance when  

-2 -1 0 1 2 3

-50

-40

-30

-20

-10

0

10

20

30
 2000ppm-300'
 2000ppm/0ppm-6'
 2000ppm/0ppm-9'
 2000ppm/0ppm-12'
 2000ppm/200ppm-6'
 2000ppm/200ppm-9'
 2000ppm/200ppm-12'

i (
m

A 
/ c

m
2 )

 

 

E vs Ag/AgCl (sat. KCl) (V)

2.00 2.25 2.50 2.75

0

2

4

6

8



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

819 

n = 0 and the Warburg impedance, W, when n = 0.5, respectively. The charge transfer resistance, Rct, was in 
the range of MΩ·cm2 for 2000ppm/200ppm-9’ electrode. The dispersion exponent n differed slightly from the 
ideal case (n = 1). This is often attributed to the roughness of the film surface. The value of the non-ideal 
capacitance was in the range of µF∙sn-1∙cm-2, which corresponds to the expected value of the capacitance of 
the diamond, i.e. 10 µF.cm-2 [6]. The 2000ppm/200ppm-6’ electrode showed the lowest value of the 
capacitance of the double layer. 

 
Figure 4 Bode plot of diamond electrodes measured in 0.5 M H2SO4 

Table 2 Fitting parameters of the impedance data 

 EC Rs / (Ω·cm2) Qdl / (µF·sn-1·cm-2) ndl / (-) Rct / (MΩ·cm2) 

2000ppm-300’ 

A 

4.40 13.3 0.96  

2000ppm/0ppm-6’ 4.19 11.7 0.98  

2000ppm/0ppm-6’ 4.97 10.4 0.95  

2000ppm/200ppm-6’ 6.86 5.46 0.98  

2000ppm/200ppm-9’ B 5.61 13.3 0.95 1.35 

4. CONCLUSION 

To increase the width of potential window, the bilayer diamond electrodes has been fabricated in two deposition 
steps. The electrodes were characterized using cyclic voltammetry and electrochemical impedance 
spectroscopy. The width of the potential window depends both on the thickness and boron concentration of 
the outer diamond layer. Our further research will deal with the characterization of the electrodes with two time 
constants in the impedance spectra is the object of the future work. 
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Abstract  

Absorption and luminescence properties of silver and gold nanoclusters embedded in silica matrixes were 
studied experimentally. Thin SiO2 films with different amount of silver and gold were produced by co-deposition 
of metal and SiO2 onto the silica substrates in vacuum. Films with silver content possess three peaks in 
absorption spectra in near the UV range and two peaks in luminescence spectra in the visible range. We 
ascribed these spectral features to silver nanoclusters of different sizes that present in the film. Films containing 
gold particles have continuous absorption spectra in the visible and UV ranges. The luminescence was 
observed only in the samples with the silver content of less than 2.2%. Quenching of the luminescence in the 
films with larger silver content we associate with the nonradiative energy transfer between close-packed 
particles. Thermal annealing leads to the formation of lager particles and transforms both absorption and 
emission spectra of the films. 

Keywords: Cluster, silver, gold, thin film, dielectric matrix 

1. INTRODUCTION 

Investigation of the size dependence of optical properties of nanoobjects is one of the most important research 
themes in the nanoscience. Spectral positions of the absorption and luminescence bands of nanoobjects can 
be tuning over the whole visible range by changing their size and shape [1,2]. 

Metal nanostructures with extremely small size (atomic or molecular clusters) can be distinguished in an 
individual group [3]. In contrast to the bulk metal or to metal nanoparticles their electronic structure is discrete 
and can significantly change with adding or removing just one atom. These changes are particularly 
pronounced in the clusters containing less than 12 atoms [4]. Due to discrete nature of the electronic structure 
their optical properties are closer to that of atoms and molecules, in particular, in very small clusters 
luminescence may be observe in the visible range [5-7]. 

In this paper metal clusters were created by the physical vapor deposition of metals in vacuum. However, at 
an ordinary deposition of the metal on the substrate surface small clusters cannot be obtained because even 
with a relatively small amount of deposited metal quite large metal nanoparticles having strong collective 
resonances (plasmon oscillations) are formed [8]. Besides that, the study of extremely small quantities of the 
deposited material is difficult to implement. In order to prevent the formation of large metal nanoparticles the 
dielectric material was deposited simultaneously with metal [9]. The samples produced in this way consist of 
the dielectric matrix with the metal particles included into it. Varying the ratio of the deposition rates of metal 
and dielectric one can change the clusters size, and hence their optical properties.  

2. SAMPLE PREPARATION 

Thin silica films containing silver or gold inclusions were obtained by simultaneous vacuum deposition of SiO2 
(99.99 %) and Ag (99.99 %) or Au (99.99 %) on the surface of the quartz substrate in the vacuum chamber 
PVD-75 (Kurt J. Lesker) at the residual vapor ~10-6 Torr. For the evaporation of metals, the resistive heated 
tungsten boat was employed and the electron-beam evaporator was used for SiO2 deposition. The amount of 
the deposited material was monitored by the quartz crystal microbalance calibrated on silver. The mass-
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thickness of the layer comprising silver or gold inclusions was set to 50 nm for all samples. Then, based on 
the ratio of the deposition rates, metal concentration in the film was calculated. 

Series of samples with the silver content of 1.2, 1.6, 2.2 and 3.7 % and with gold content of 1.1, 1.6, 3.2 and 
6.3 % were obtained. After the deposition the absorbance spectra (SF-56 LOMO) and fluorescence spectra 
(RF-5301 Shimadzu) of the samples were obtained. Then the samples were annealed at 200 °C for film with 
silver and at 500 °C for film containing gold for 1 h and spectral measurements were repeated. 

3. RESULTS AND DISSCUSSION 

Figure 1 plots the spectra of the optical density of the samples contains silver. After the deposition several 
absorption bands in the near UV region were observed - one broad peak at 3.08-3.11 eV (400 nm) and two 
narrow peaks at 3.72-3.78eV (330 nm) and 4.17 eV (297 nm). The spectral position of the first two peaks is 
shifted to the long-wavelength region of the spectrum with increasing amount of silver, and the wavelength of 
the third peak does not change. Thermal annealing of the film dramatically changes the absorption spectrum. 
Three UV bands melt together in a single broad peak with reduced optical density. 

1 2 3 4 5
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

(4)

(3)

(2)

3.11 eV

amount of silver 
 (1) 1.2 %
 (2) 1.6 %
 (3) 2.2 % 
 (4) 3.7 %

O
pt

ic
al

 d
en

si
ty

Photon energy (eV)

3.08 eV

3.78 eV

3.72 eV

4.17 eV

(1)

1 2 3 4 5
0,0

0,1

0,2

0,3

0,4
amount of silver 

 (1) 1.2 %
 (2) 1.6 %
 (3) 2.2 % 
 (4) 3.7 %

O
pt

ic
al

 d
en

si
ty

Photon energy (eV)

(4)

(3)

(2)
(1)

 
(a)      (b) 

Figure 1 Optical density of thin SiO2 films with different amount of silver after the deposition (a) and after 
thermal annealing (b) 

200 400 600 800
0,00

0,05

0,10

0,15

0,20

0,25

O
pt

ic
al

 d
en

si
ty

, nm

0,0

0,2

0,4

0,6

0,8

1,0(5) (4) (2)

In
te

ns
ity(1)

(3)

 
Figure 2 Optical density (1), luminescence at λex=330 nm (2) and λex=420 nm (3), and luminescence 
excitation at λem=490 nm (4) and λem=645 nm (5) spectra of thin SiO2 films with 1.2 % of silver after 

deposition 
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Figure 2 shows normalized luminescence spectra, luminescence excitation spectra, and the optical density 
spectra of the sample with the silver content of 1.2 %. Excitation at 330 nm leads to the intense luminescence 
band with the maximum at the wavelengths of 648 nm. Excitation at 420 nm leads to the intense luminescence 
band with the maximum at the wavelengths of 492 nm. Hence, the red shift of the excitation wavelength leads 
to the blue shift of the luminescence band. 

The luminescence excitation spectra are in accord with the absorption spectra, but they are very different for 
the luminescence recorded at wavelength 490 and 645 nm. So the highest luminescence intensity at the 
wavelength 645 nm was observed at 330 nm excitation wavelength, which coincides with the central peak in 
the absorption spectrum. The highest intensity of the luminescence at a wavelength 490 nm was observed 
upon excitation by radiation with 420 nm. 

After thermal annealing (Figure 3) the structure in the absorption spectra disappeared almost completely. The 
luminescence bands lose their dependence on the excitation wavelength and stabilize at 507 nm with a 
shoulder at 634 nm. The luminescence excitation spectra related to luminescence at 510 and 640 nm are 
virtually identical and the expressed maxima observed before annealing disappear. 
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Figure 3 Optical density (1), luminescence at λex=330 nm (2) and λex=420 nm (3), and luminescence 
excitation at λem=510 nm (4) and λem=640 nm (5) spectra of thin SiO2 films with 1.2 % of silver after thermal 

annealing 

A slight redshift of the luminescence band was observed in the films with larger silver content. Simultaneously, 
luminescence intensity was reduced. Results are presents in Table 1. It is to be mentioned that the 
luminescence was undetectable for silver content of more than 2.2 % and for the film with 2.2 % of silver the 
luminescence was observed only after thermal annealing. 

Table 1 Position and intensity of the short-wavelength luminescence peak at 420 nm excitation wavelength 

Silver content λem (nm) Intensity (arb. un.) 

1.2 % 493 74 

1.2 % annealed 507 58 

1.6 % 497 78 

1.6 % annealed 512 51 

2.2 % annealed 525 33 
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The presence of several peaks in the absorption and luminescence spectra of the films after deposition can 
be explained by strong dispersion of particle size, i.e. by the presence in the film of the two kinds of particles 
[6,10]. Presumably the smallest clusters have absorption bands at 3.75 eV and 4.17 eV which is typical for the 
clusters with number of atoms less than 12 [4]. These clusters have a long wavelength luminescense band 
with the exitation efficiency maximum at 3.75 eV. For larger spherical particles, one absorption band is 
observed [11]. In our case, the absorption band at 400 nm and the luminescence peak at about 500 nm 
correspond to such clusters.  

When the silver content in the film rises the average particle size rises as well. This leads to the increase of 
the absorption of long wavelength peak with it slight redshift. Along with the rise of the average particle size, 
their concentration may increase too, that can lead to the increased nonradiative energy transfer between 
particles. In this case, the luminescence intensity decreases in the samples with higher concentration of silver. 

Thermal annealing also leads to the formation of larger particles due to coalescence of the smallest clusters. 
As a result, the short-wavelength absorption bands and long-wave luminescence band disappear and the 
short-wave luminescence band shifts to the red. Reduction of the optical density of the samples may be due 
to the decrease of the clusters concentration in the film.  

Similar results was obtained for silica films with gold inclusions. Figure 4 shows absorption spectra of samples 
with different amout of gold after the deposition and after the thermal annealling at 500 °C for 1 hour. It should 
be noted that at 200 °C spectra were not changed. In contrast to the films with silver the samples with gold 
after deposition have a continuously rising absorption spectrum from the visible range to UV range. Thermal 
annealing leads to increasing of the optical density in the long-wavelength region and decreasing in the UV-
region. The plasmon resonance of gold nanoparticles at 2-2.5 eV was observed in the annealed samples with 
gold concentration more than 3.2 %. The luminescence signal was not observed for this samples which is most 
likely due to the lower mobility of gold atoms and the formation of closely spaced particles like in samples with 
high concentration of silver. 
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Figure 4 Optical density of thin SiO2 films with different amount of gold after the deposition (a) and after 
thermal annealing (b) 

4. CONCLUSION 

A simple method of producing of Ag and Au cluster in dielectric matrix was presented. For films with silver 
content less than 2.2 % the luminescence in visible range was observed. The process of self-organization of 
the films leads to a broad size distribution of metal particles with different absorption and luminescence 
properties. Thermal annealing leads to formation of lager particles (including plasmonic nanoparticles) with 
redshifted absorption and luminescence bands. The absence of the luminescence in the samples with a high 
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silver content and in all samples with gold content can be explained by non-radiative energy transfer between 
the particles. 
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Abstract 

Titanium materials are widely used in aerospace industry, in chemical industry and in total joint replacements 
because of their low density, high strength, good corrosion resistance, high toughness, and good 
biocompatibility. However, titanium materials have poor wear resistance and high friction. Implantation of 
nitrogen into titanium and its alloys significantly improves their surface properties such as hardness, friction, 
wear and corrosion resistance. Titanium nitride nanolayer was prepared by nitrogen ion implantation on 
titanium. The evolution of phase composition after annealing was investigated. The samples were analysed 
by X-ray diffraction, X-ray photoelectron spectroscopy and nanoindentation.  The aim of this work is to examine 
the effect of the nitrogen concentration on phase representation in the modified surface area and the structural 
mechanisms of hardening after annealing. 

Keywords: Ion implantation, annealing, structure, phase composition 

1. INTRODUCTION 

Titanium materials are widely used in aviation, in the automotive industry, and in total joint replacements 
because of their low specific weight, good corrosion resistance, high yield strength, and biocompatibility [1,2]. 
However, titanium and its alloys have poor wear resistance, high friction, low hardness [3,4]. The risk of allergic 
reactions and also possible ways to prevent allergic reactions to titanium have come under discussion [5]. The 
surface properties of titanium materials therefore often need to be modified. Ion implantation, i.e. kinetic doping 
of atoms into the surface area, has been shown to provide improved mechanical characteristics, wear 
resistance, and corrosion resistance in a range of engineering materials including titanium alloys [6]. This 
advanced technique has several merits in comparison with other surface modification methods. For example, 
(1) there is high adhesion of a thin layer integrated into the surface area, (2) it is a low-temperature process, 
and (3) the process parameters (ion energy, fluence, and depth distribution) can be precisely controlled. 
Species implanted into the titanium matrix can produce a surface layer composed of metastable, amorphous, 
and crystalline phases, solid solutions, and crystal lattice defects [7]. Liu et al. [8] and Schmidt et al. [9] showed 
that nitrogen ion implantation in titanium alloys stabilizes the α-Ti phase and forms compounds of varying 
composition and stoichiometry. Firouzi-Arani et al. [10] studied the nature of TiNx substoichiometric nitride 
formation in titanium thin foil during nitrogen ion implantation, as a function of the substrate temperature. The 
results showed the development of titanium nitride with different compositions in the implanted samples, the 
presence of titanium oxides was also observed. Berberich et al. [11] studied the mechanism of degradation of 
surface hardening at elevated temperature. The XRD experiments showed that the TiN phase is stable up to 
temperature of 650 °C. 

In this work, we present the evolution of a phase representation in implantation zone after post-implantation 
annealing in the temperature stability range of δ-TiN. A phase analysis by X-ray diffraction (XRD), chemical 
states by X-ray photoelectron spectroscopy (XPS) and nanoindentation investigations have been performed, 
with particular emphasis on phase characterisation of the implantation zone. 
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2. EXPERIMENTAL PART 

The substrates were made of commercially pure titanium grade II in the form of a cylinder 14 mm in diameter 
and 3 mm in height. The samples were cut from a titanium bar and were then ground with a series of waterproof 
abrasive papers. Final polishing was performed with an colloidal solution to a mirror-like surface finish.  
The samples were ultrasonically cleaned in isopropyl alcohol. The titanium samples were irradiated by  
nitrogen ions. The accelerating voltage was 90 kV and the maximum ion current density was approximately 
1.5 μA·cm-2. The sample temperature did not exceed 90 °C during implantation. The fluence of implanted 
nitrogen atoms was about 1·1018 cm-2. The ion current was measured by the Faraday cup and the sample 
temperature was measured by a thermocouple located in the sample holder. After ion implantation, the 
samples were vacuum annealed at temperatures of 300, 400, 500 and 600°C. The time of annealing was 6 
hours. An experimental arrangement of the ion implantation process is illustrated in Figure 1. 

XRD investigations were performed using a PANalytical X’Pert PRO horizontal powder diffractometer equipped 
with a Co anode (k = 0.1789 nm). Parallel beam geometry was used to enhance the contribution of the surface 
layer - a Gobel mirror in the primary beam, a parallel plate collimator with divergence 0.09 in the diffracted 
beam. The angle of incidence was fixed to 0.3°, 0.5°, 0.75°, 1°, 2°, 5° and 10°, resulting in calculated 90%-
penetration depths of 90, 149, 222, 294, 571, 1310, and 2301 nm, respectively. The measurements were 
evaluated by the Rietveld-like TOPAS 3 program. The X-ray photoelectron spectroscopy XPS experiments 
were performed using an Omicron EA 125 multichannel hemispherical analyzer with the Al Kα line (1486.6 eV) 
as a primary photon source.The nanoindentation technique in continuous measurement mode (CMX) was 
used to obtain depth profiles of the surface hardness. The CMX indentation function was prescribed by a 
quasistatic force (Pqstat) in the range from 2 to 10000 μN. The dynamic actuation force (Pdyn) was prescribed in 
the range from 3 to 202.9 μN at a frequency of 200 Hz. For each sample, average values were obtained from 
16 indents in a 4 x 4 matrix with a separation step of 5 μm. The nanoindentation testing was carried out at a 
temperature of 22.9°C. 

 
Figure 1 An experimental arrangement of the ion implantation process 

3. RESULTS AND DISCUSSION 

Phase representation in the nitrogen ion implanted samples was investigated by XRD. An exact diffraction 
study of the microstructure as a function of depth is complicated, due to the exponential character of the X-ray 
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absorption in the material. However, an interesting view into the depth dependence is given by changing the 
angle of incidence. A comparison of the diffraction patterns for various angles of incidence (0.3°, 0.75°, 1° and 
10°) is presented in Figure 2. It is evident that the XRD information of each phase is provided by the integrated 
concentration from the material volume characterized by the penetration depth (angle of incidence).  

 
Figure 2 A comparison of the diffraction patterns measured at various angles of incidence on a implanted 

titanium sample without subsequent annealing 

The peaks in the XRD patterns in Figure 2 were described with a hexagonal structure of the α-Ti matrix, a 
mixed Ti(+N) solid solution and cubic δ-TiN titanium nitride. The Ti(+N) marks the hexagonal structure derived 
from the α-Ti phase, but with enlarged lattice parameters due to the presence of nitrogen ions in interstitial 
positions in the titanium substrate [25]. 

     

Figure 3 (a) A comparison of the δ-TiN distribution and (b) the Ti(+N) distribution measured on the 
implanted sample without annealing (Ti R), and on the annealed sample at 400°C (Ti 4) and at 600°C (Ti 6). 

Each point is generated at a different incident angle with a characteristic 90%-penetration depth 

Figure 3(a), (b) shows the distribution of δ-TiN and Ti(+N) phases of in the modified surface area in 
dependence on post-implantation temperature, using incident angles from 0.3° to 10°. It is shown, that the very 
low representation of Ti(+N) slightly increases with rising temperature in the near surface region (marked by 
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incident angle 0.3°- 0.7°). The high concentration of δ-TiN in this region prevents the formation of Ti(+N) to a 
greater extent, although there the Ti(+N) increases. The comparison of the phase distribution in Figure 3 
indicates, that part of the interstitially located nitrogen migrates to the surface and strained part of δ-TiN 
crystallites are transformed back to the solid solution of Ti(+N). 

XPS spectra of C1s, N1s, Ti2p3/2 and O1s predominantly show the atmospheric contamination on the implanted 
surface. O1s binding energy of 529.5 eV corresponds to the TiO2 and C1s binding energy of 284.5 eV indicates 
graphitic carbon on the surface. After annealing the C1s energy increases to 286.5-287 eV (defect sp2 bonds). 
The N1s peak is located at 395.6-395.8 eV, corresponding to nitride. The presence of δ-TiN compound 
confirms the Ti2p3/2 peak located at 457.8 - 458.1 eV. 

The hardness profiles in Figure 4 show that the peak of indentation hardness of the implanted samples 
decreases with temperature of post-implantation annealing. The peak indentation hardness of the implanted 
sample without annealing and of the annealed samples ranges between approx. 30 and 20 GPa. This is an 
hardness improvement by a factor of 9 - 7 in comparison with the reference titanium sample. The surface 
hardness after post-implantation annealing at 600 °C is comparable with the surface hardness of nitrogen-
implanted titanium at an elevated temperature of 800°C, as reported by Fouquet et al. [27]. Other researchers 
[12, 28] have reported on the indentation hardness of implanted titanium at elevated temperatures in a wide 
range between 6 and 25 GPa, based on implantation condition and on temperature.  

 

Figure 4 Indentation hardness versus contact depth for the titanium sample modified by ion implantation 
without subsequent annealing (Ti R) and subsequent annealed at 400 and 600 °C (Ti 4, Ti 6) and for the 

reference sample (REF) 

4. CONCLUSION 

The evolution of phase composition in nitrogen implanted commercially pure titanium grade II after annealing 
was investigated. The distribution of the phases identified as δ-TiN, Ti(+N) has been shown to be influenced 
by the temperature of post-implantation annealing. The comparison of the phase distribution of δ-TiN and 
Ti(+N) indicates, that part of the interstitially located nitrogen migrates to the surface and strained part of δ-
TiN crystallites are transformed back to the solid solution of Ti(+N). The observed decrease in indentation 
hardness reflects the observed microstructural evolution. 
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Abstract 

The deposition of organosilicone thin films from mixture of hexamethyldisiloxane (HMDSO) and oxygen by 
using capacitively coupled R.F. glow discharges under dusty plasma conditions was investigated. High 
resolution topography and mechanical property maps of the prepared films were acquired by using atomic 
force microscopy techniques. The chemical bond and composition of the deposited films were analyzed by 
Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). The mechanical 
properties of the films were studied using quasistatic as well as dynamic nanoindentation tests and their 
surface free energies were evaluated by means of contact angle measuring technique using several testing 
liquids exhibiting various surface tensions. The thermal stability of the films was studied using thermal 
desorption spectroscopy. Neural network modelling was used to study the effect of plasma parameters on the 
hardness of ppHMDSO films. 

Keywords: PECVD, hexamethyldisiloxane, oxygen, mechanical properties 

1. INTRODUCTION 

Dusty plasma or complex plasma is a partially ionized gas containing dust particles that acquiring an electric 
charge due to their interaction with the surrounding ions and electrons. The particles can be introduced 
externally, or they can grow directly in the reactor as a result of the reaction in the plasma volume or the 
reaction on the solid surface within the reactor [1]. Dusty plasmas have been known almost as long as the 
plasmas themselves. It is widespread in astrophysical situations like in cometary tails or in interstellar clouds. 

At the beginning in applications, important requirement for the plasma was high purity and presence of dusty 
particles in the discharges was undesired. Interest in the dusty plasma increased significantly in the nineties 
due to their potential applications in many areas. Dusty plasma was reported for a wide range of applications. 
For example, to produce low-k dielectric layers for microelectronics [2], formation of barrier layers [3,4] or 
biomedical applications [5]. Dusty plasma can also be used as a diagnostic tool for investigating phenomena 
in discharges [6]. 

Many studies have been devoted to the silane-based RF discharges since the silane-based plasma is a 
promising for producing nanostructured silicon thin layers [7, 8]. Hexamethyldisiloxane (HMDSO) is widely 
used for this deposition mainly because of its highly organic character, chemical stability, non-toxicity and high 
vapor pressure at room temperature. Thin films with a wide range of mechanical properties can be produced 
from hard inorganic SiO2-like to soft polymer-like SiOxCyHz films properties just varying the plasma conditions, 
such as changing the gas mixture ratio [9,12]. Depending on the films structure, surface can be hydrophilic as 
well as hydrophobic or even superhydrophobic [10]. 

2. EXPERIMENTAL 

The studied films were deposited by PECVD from a mixture of HMDSO (C6H18Si2O) and oxygen. The ratio of 
HMDSO flow rate QHMDSO and the total flow rate q (q=QHMDSO/(QHMDSO+ QO2)) ranged from 0 to 0.95. The 
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HMDSO flow rate QHMDSO varied from 0 to 20 sccm, the oxygen flow rate QO2 was varied from 3 to 11 sccm. 
The substrates were silicon wafers. The capacitively coupled plasma was generated in a parallel plate reactor 
using an r.f. generator working at frequency of 13.56 MHz. The applied power P varied from 25 to 75 W and 
the negative bias voltage ranged from -10 to -400 V. 

The instrumented indentation technique was used to study the mechanical properties of the films. The samples 
were measured by means of Fischerscope H100XYp microindentor. The selected samples were measured on 
Hysitron TI 950 nanoindentor equipped with a sharp Berkovich diamond indenter. The indenter diameter was 
less than 50 nm. The morphology of the film surface and the indentation prints were studied using atomic force 
microscope Ntegra Prima NT-MDT. 

3. RESULTS AND DISCUSSION 

A large number of depositions were carried out in a wide range of deposition conditions as a continuation of 
our previous work presented in [12]. In Figure 1 on the left there is a graph illustrating the dependence of the 
deposition rate on the ratio of HMDSO flow rate and the total gas flow rate for the 50W applied power. It can 
be seen that increasing the flow rate of HMDSO the rate of the deposition increases approximately up to the 
flow rate ratio of 0.35, then the deposition rate increase stopped and became almost independent on the flow 
rate ratio q. This fact is related to the start of the formation of dust particles in the plasma volume.  

 
Figure 1 Dependence of the deposition rate on the flow rate ratio for applied power of 50 W (on the left). 

Dependence of the film atomic composition on the flow rate ratio (on the right) 

Hardness and elastic modulus of the films are complicated functions of plasma parameters such as the applied 
power P, negative self bias voltage Ub and HMDSO to total flow rate ratio q as it is shown in Figure 2. In the 
recent work we focused on the samples from the region of dusty plasma deposition conditions. The deposition 
conditions for the selected samples are shown in Table 1. 

Table 1 Summary of the deposition conditions for selected samples. QO2 is the oxygen flow rate, QHMDSO is  
  the HMDSO flow rate, P is the applied power, Ub is the corresponding negative bias voltage, p is the  
  deposition pressure. The deposition time was 60 minutes. 

Sample QO2 
[sccm] 

QHMDSO 

[sccm] 
P 

[W] 
Ub 

[V] 
p 

[Pa] 
t 

[m] 

VI215 5.2 2 25 -100 37 2.3±0.1 

VI216 10 3.5 50 -90 53 3.1±0.1 
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Figure 2 Hardness dependence of prepared films on the DC bias voltage Ub (on the left) and hardness 
dependence on the flow rate ratio q (on the right) for three different applied powers of 25, 50 and 75 W 

 

Figure 3 Loading/unloading curves (on the left) and examples of differential hardness dependence on the 
indentation depth h. The differential hardness was calculated as the derivative of the load function with 

respect to the increasing contact area 

The films prepared under dusty plasma conditions are very elastic, even at maximum indentation depths 
reaching the film/substrate interface the plastic deformation of the film negligible as it is shown in Figure 3 on 
the left. The differential hardness dependences prove the large resistance of the films against delamination or 
cracking. The jump on the differential hardness curve observed at around 2 m for sample VI215 is related to 
the film/substrate interface. The composite character of the film VI215 is shown in Figure 4, where an example 
of AFM image of the sample surface acquired in semicontact mode is shown together with the magnitude and 
phase images. The maps of the stiffness and the work of adhesion were carried out from the analysis of the 
force-distance curves.  
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Figure 4 Topography image (on the left), magnitude (in the middle) and phase (on the right) for sample 
VI215 

 

Figure 5 Topography image (on the left), mapping of the stiffness (in the middle) and work of the adhesion 
map (on the right) for sample VI215 

  

Figure 6 Hardness and effective elastic modulus profiles obtained at several different places on the sample 
VI126 using quasitatic nanoindentation tests with 20 unloading segments (on the left) and nanodynamic 
analysis using oscillating load with frequency of 200Hz and load amplitude in the range from 1 to 10 µN 

Examples of hardness and elastic modulus profiles obtained from nanoindentation measurements on sample 
VI216 are shown in Figure 6.  

4. CONCLUSION 

Organosilicon plasma polymer films were prepared under dusty plasma conditions at relatively high deposition 
rates. The deposited films exhibited properties prospective for wide variety of applications, i.e. good adherence 
to silicon, glass and polymer substrates, good transparency to visible radiation, good thermomechanical 
stability, high resistance against aging at ambient environment, high elasticity and excellent fracture 
toughness. The nanocomposite character of the films was proven using atomic force microscopy techniques. 
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Abstract 

The aim of the present work was to study the dependence of mechanical properties of Ti/Ni multilayer thin 
films on the thicknesses of constituent Ti and Ni layers. The multilayer thin films were synthesized by deposition 
of Ti and Ni layers alternately on single crystalline silicon substrates using direct current magnetron sputtering 
method. Thicknesses of Ti and Ni layers varied from 1.7 nm to 100 nm.  The micro-structure of the multilayer 
films was studied using X-ray diffraction technique, scanning electron microscopy with focused ion beam 
technique and transmission electron microscopy. Mechanical properties obtained from nanoindentation 
experiments were discussed in relation to microstructural observations. 

Keywords: Ti/Ni, multilayers, magnetron sputtering, nanoindentation, TEM  

1. INTRODUCTION 

TiNi shape memory alloy (so-called nitinol) exhibits two closely related properties: shape memory effect (SME) 
and superelasticity (SE), which are derived from a martensitic transformation from a simple cubic structure 
(austenitic, B2 phase) to a monoclinic crystal structure (martensite, B19’ phase). This phase transformation is 
reversible and instantaneous. Due to twinning [1,2], the B19’ phase can withstand a limited deformation, which 
is recovered after transformation to B2 phase and the original shape of the sample is restored and self-healed. 
The transformation can be achieved by annealing [3,4] or by applying stress [5-7]. Thanks to the SE and SME 
properties, TiNi alloys has considerable technological relevance - they can be used in medical applications 
such as artificial bone joints [8,9] or as sensors and actuators in MEMS [10,11]. 

The nanoindentation technique is a promising method how to study the SE, SME or the phase transformation 
processes at nanoscale. In the past years, researchers employed both Berkovich [12-14] and spherical [15,16] 
indenters to study the mechanical properties of TiNi material in both bulk and thin film forms. It was shown that 
residual idents made with spherical indenter can be fully recovered upon annealing to 400 °C [16] because by 
using blunter tips the TiNi material is deformed primarily via strain-induced phase transformation and the plastic 
deformation plays minor role. 

For MEMS application it is necessary to produce TiNi thin films with thickness of several µm, for which standard 
methods of production as rolling and melt-spinning are unsuitable and insufficient. The TiNi thin films with low 
thickness are thus mainly synthesized by DC magnetron sputtering of a TiNi target [17]. On the other hand, 
other methods as e-beam evaporation [18] or pulsed laser deposition [19] are reported. Although TiNi thin films 
deposited by DC magnetron sputtering exhibit excellent SME and good mechanical properties, the martensitic 
transformation temperature of TiNi SME is strongly affected by chemical composition [20] which cannot be 
perfectly controlled by using these conventional methods. As an alternative, which controls the chemical 
composition more precisely, the dual-head sputtering system with Ti and Ni targets can be utilized for 
fabrication of Ti/Ni multilayer films consisting of alternating nanolayers of pure Ti and Ni. Afterwards, this 
system can be converted into the TiNi alloy thin film through solid state amorphization by using a heat treatment 
[21-24]. The final chemical composition is controlled by the deposition time of an individual nanolayer which 
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sets its individual thickness. By using this fabrication method, the resulting TiNi shape memory alloy has 
comparable mechanical properties and its SME occurs for lower temperatures compared to TiNi prepared by 
sputtering of a single TiNi target [25]. 

In this study we focused on the evaluation of mechanical properties of Ti/Ni multilayers prepared by dual-head 
magnetron sputtering of Ti and Ni targets. Coatings composed of nanolayers of Ti and Ni with different 
individual thicknesses were compared by means of nanoindentation with Berkovich tip. The grain size was 
calculated from X-ray diffraction. The deformed area of the residual indents was analyzed in cross-sections by 
combination of focused ion beam (FIB) and post-mortem transmission electron microscopy (TEM) techniques 
and the prevailing deformation mechanism was found. 

2. EXPERIMENTAL 

A set of Ti/Ni multilayered coatings with different thicknesses of individual Ti or Ni layers were prepared by 
magnetron sputtering of titanium and nickel targets in an argon atmosphere. Prior to the deposition the single 
crystalline silicon substrates were cleaned and etched by ion bombardment for 5 minutes. The floating potential 
on a substrate holder was used and the substrate rotation was turned on to ensure good spatial homogeneity 
and constant thickness of individual layers. The deposition conditions as applied power on targets, deposition 
pressure and substrate rotation speed are presented in Table 1 for each design of Ti/Ni multilayered coatings. 
During the deposition the power on targets were periodically turned on and off depending on which layer was 
currently deposited. The growth rates of Ti and Ni were found to be 0.75 nm/s and 1.52 nm/s, respectively, 
and the deposition time varied depending on the desired thickness of an individual layer h. The first described 
film in the Table 1 is composed of Ti + Ni without multilayered microstructure and was synthesized by 
sputtering of Ti and Ni targets together. 

Table 1 Summary of deposition conditions for all designs of Ti/Ni multilayered coatings. 

h [nm] Overall thickness 
[nm] 

Power on Ti 
target [W] 

Power on Ni 
target [W] 

Deposition 
pressure [Pa] 

Rotation [rpm] 

No multilayer 500 350 350 0.30 3.0 

100 500 350 350 0.30 3.0 

50 500 350 350 0.30 3.0 

10 500 350 350 0.30 3.0 

5.0 1000 300 200 0.16 4.8 

2.5 1000 300 300 0.16 4.8 

1.7 1200 300 300 0.16 4.8 

The depth sensing nanoindentation method performed on Hysitron TI950 Triboindenter equipped with a 
Berkovich tip was used for measurement of indentation hardness and reduced elastic modulus. The mounted 
nanoscale measuring head with resolution of 1 nN and load noise floor lower than 30 nN allow to measure in 
the load range from 50 nN up to 11 mN. Several quasistatic tests, each containing 20 segments of partial 
unloading which provided hardness and modulus as functions of indentation depth, were carried out in load 
controlled regime using a constant loading rate of 0.2 mN/s. The partial unloading segments were fitted and 
evaluated according to standard procedure proposed by Oliver and Pharr [26] and values of indentation 
hardness and reduced elastic modulus were obtained from a region where the substrate influence as well as 
tip rounding and surface effects were negligible. 

The micro-indentation tests used for microscopic evaluation of deformed area were performed by a Berkovich 
tip (tip radius ~ 200 nm) with applied load of 1 N. Thin lamellar cross sections for TEM observations on a Philips 
CM12 STEM transmission electron microscope operating at 120 kV and a JEOL 2100F high resolution TEM 
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were prepared using a focused ion beam in Tescan LYRA 3 XMU SEM x FIB scanning electron microscope. 
The measurements of X-ray diffraction (XRD) were performed on a Rigaku Smartlab X-ray diffractometer with 
a grazing angle of incidence configuration and the grain sizes for Ti and Ni layers were calculated using 
Scherrer formula [27]. 

3. RESULTS AND DISCUSSION 

The XRD patterns presented in Figure 1 show polycrystalline microstructure of Ti/Ni multilayers. The 
microstructure is composed of hexagonal (hcp) Ti and cubic (fcc) Ni grains of different sizes. For the case of 
Ti/Ni system with thick layers (here 50 nm), dominant reflections from a hcp Ti lattice (002) and from fcc Ni 
lattice (111) and (200) were observed. For thinner layers, the Ti (002) peak gets wider and for h = 2.5 nm it 
disappears. For h = 5 nm, another peak emerged at 41.4 ° for which the reflection of Ti (101) is responsible. 
This peak also contributes to the observed wide band observed for the sample with h = 2.5 nm. With decreasing 
the individual layer thickness h, a peak broadening is obvious for Ti as well as for Ni layers indicating finer 
grains for thinner layers. For smaller thickness of an individual layer, the grain growth is suppressed and finer 
grains are dominant. 
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Figure 1 Diffraction patterns for Ti/Ni multilayers with individual layer thickness h = 50, 5.0 and 2.5 nm 

The dependencies of grain sizes of individual Ti and Ni layers are presented in Figure 2. The mean grain size 
gradually decreases with decreasing h from ~ 15 nm for h = 100 nm down to ~ 3 nm for h = 2.5 nm of thickness. 
The diffraction peaks Ti (002) and Ni (111) for samples with layers of 2.5 and 1.7 nm thickness were overly 
wide so the precise calculation of mean grain size was difficult and presented values are only estimations. 

The evolution of hardness as a function of h is plotted in Figure 3. The layer with thickness of 0 nm was 
assigned to the Ti + Ni sample without the multilayered microstructure. Hardness increases with decreasing 
the layer thickness from 100 nm down to 10 nm. While the peak hardness of ~ 9 GPa was reached at 10 nm, 
which is in accordance with literature [28], a gradual drop of hardness is observed for further decrease of h. 
Generally, for polycrystalline multilayer thin films, both fine grains and small individual layer thickness can 
contribute to material strengthening due to dislocation-mediated deformation mechanisms. The evolution of 
hardness in the thickness region between 100 nm and 10 nm can be described and explained by Hall-Petch 
mechanism [29, 30], which states that material with finer grains contains more grain boundaries providing more 
barriers to dislocation movement. 
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Figure 2 The mean grain size evolutions for Ti and Ni grains calculated by Scherrer formula 

 

Figure 3 The dependency of hardness H on individual layer thickness h 

The Hall-Petch mechanism can also be applied for multilayered systems if the grain size in the Hall-Petch 
equation is replaced by the individual layer thickness [28, 31]. The dislocation strengthening is then caused by 
dislocation pile-up on interfaces between individual layers. System with thinner layers then correspondingly 
suppress more easily the dislocation motion than multilayers consisting of thicker layers. The empirical Hall-
Petch mechanism is applicable for layers of thickness higher than 50 nm. In the range of approximately 10 - 
100 nm [28, 32, 33], the dominant deformation mechanism is confined layer slip which is based on a single 
dislocation bowing between two interfaces. Both, Hall-Petch law and confined layer slip mechanisms, predicts 
the hardness increase with decreasing h. 

The hardness in the region h > 10 nm gradually decreases. This behavior can be interpreted as a shift from 
confined layer slip deformation mechanism to interface crossing of single dislocations [28]. In Figure 4 a cross-
sectional TEM image from the deformed region after a 1 N micro-indentation is presented for a multilayered 
coating with h = 5 nm from which it is clear that interfaces near the deformed region are smeared and broken 
which supports the explanation of dislocation motion through interfaces. The resistance of an interface to 
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transmission of a single glide dislocation is largely independent of h and decreases only if the layer thickness 
approaches the size of dislocation core dimension (approximately ~ 1 nm) [33, 34]. However, in this situation 
the onset of the hardness decrease is at h between 5 and 10 nm which is higher than the typical size of a 
dislocation core. Therefore, although the glide dislocation motion through interfaces may be a partial 
explanation of hardness drop for very low layer thicknesses, other mechanisms need to be sought for. 

 

Figure 4 The cross-sectional transmission electron microscopy images of a) central region and  
b) edge of the deformed area under the micro-indentation imprint for the sample  

with layer thickness h = 5.0 nm 

As it was shown by XRD (see Figures. 1 and 2), the Ti/Ni multilayers exhibited a polycrystalline microstructure 
with the mean grain size increasing with h and, thus, a grain boundary sliding can be considered as another 
softening mechanism. Also, a slight stress induced recrystallization of Ti and Ni to nitinol (TiNi) close to the 
interface can introduce a new stress which can lead to subsequent decrease of interfacial resistance to 
dislocation transmission (see Figure 4) resulting in the observed decrease of hardness. 

4. CONCLUSION 

Several Ti/Ni multilayers with different individual thickness of Ti and Ni layers were synthesized by magnetron 
sputtering. From the XRD results it was concluded that all synthesized coatings have polycrystalline 
microstructure and that the mean grain size decreased gradually for thinner layers. The hardness evolution 
with layer thickness was explained in detail. The maximum value of 9 GPa was found for the individual 
thickness of 10 nm. For higher thicknesses down to 10 nm, the changes in hardness follow rules of Hall-Petch 
and confined layer slip mechanisms. The decrease of hardness for thicknesses below 10 nm was explained 
by a combination of several factors. While for very small thicknesses the transmission of single glide dislocation 
is dominant, for thicknesses in the region between 5 to 10 nm, where the onset of the hardness decrease lies, 
other mechanisms as grain boundary sliding within individual layers or stress induced recrystallization to TiNi 
play more important role. 
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Abstract  

Nitrogen incorporated organosilicon films were prepared by means of plasma enhanced chemical vapor 
deposition using capacitively coupled RF glow discharges in mixtures of hexamethyldisiloxane and nitrogen. 
The flow rate of nitrogen was 2-10 sccm and the flow rate of hexamethyldisiloxane was 0.3-0.4 sccm. The 
power supply of CCP was 50 W.  

The environmental stability of the deposited films was studied using confocal microscopy, spectroscopic 
ellipsometry and FTIR (Fourier Transform Infrared Spectroscopy). The humidity induced structure changes 
resulted in substantial change of mechanical properties of the studied films. The mechanical properties were 
studied using nanoindentation techniques.  

Keywords: Plasma polymer films, plasma enhanced chemical vapor deposition, FTIR, nanoindentation 

1. INTRODUCTION 

Organosilicon plasma polymers deposited from hexamethyldisiloxane (HMDSO) monomer hold the prospect 
of combining many advantageous properties for broad field of applications. They have a great potential for 
industrial use as a protective anti-scratch layers, corrosion protection coatings, protective coatings on optical 
devices, permselective membranes and barrier films etc, as well as in biomedical applications [1-8]. 

In the present work, we study thin films prepared from mixture of hexamethyldisiloxane and nitrogen 
in radiofrequency glow discharge. The growing mechanisms of the plasma polymer coatings and the way how 
the plasma polymer film structure is influenced with the deposition process parameters was investigated. The 
main focus was on the study of the films environmental stability, what plays a crucial role in their application. 
The environmental stability of the deposited films was studied using confocal microscopy, spectroscopic 
ellipsometry and FTIR (Fourier Transform Infrared Spectroscopy). Moreover, the humidity induced structure 
changes on mechanical properties of deposited films was studied using nanoindentation techniques. 

2. EXPERIMENTAL 

The studied thin films were prepared in radiofrequency glow discharges at low pressures (10 ÷ 30 Pa) from 
mixture of HMDSO (SiO2C6H18) and nitrogen in a capacitively coupled parallel plate reactor [4]. The bottom 
electrode served as the substrate holder and it was coupled to RF generator (13.56 MHz) via a blocking 
capacitor. Double-side polished silicon substrates were placed on the bottom electrode, the RF voltage of 
which was superimposed with a negative DC self-bias. The supplied power was kept at 50 W for all depositions 
and flow rates of HMDSO and nitrogen were changed. Changes of the flow rates are represented by the ratio 
R of nitrogen flow rate and HMDSO flow rate.  

The chemical composition of the deposited films was investigated by Fourier transform infrared spectroscopy 
(FTIR) using spectrometer Bruker Vertex 80v, in range from 370 cm-1 to 7500 cm-1 with 500 scans 
and resolution 8 cm-1. Measured IR spectra (transmittance of thin film and silicon substrate) were divided by 
transmittance of used substrate. Resulting relative transmittance was converted to absorbance. These data 
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were modified by cubic spline baseline correction. Moreover, the films optical properties were studied using 
ellipsometry in UV and visible region. All ellipsometric data were measured by Jobin Yvon UVISEL equipment 
at tree angles of incidence 55 °, 65 ° and 75 °, in the spectral region of 240-800 nm. Thicknesses of plasma 
polymers were determined from fitting resulting data in program newAD by using PJDOS dispersion model 
[10].  

The humidity induced changes in film surface topography were observed by confocal laser microscope LEXT 
OLS4000 and then in more detail by atomic force microscope NTEGRA PRIMA.  

The hardness H and effective elastic modulus Eeff (Eeff = E/(1-2), where E is the Young's modulus and  is the 
Poisson's ratio of the tested material) were measured and evaluated by indentation techniques performed 
using Hysitron TI950 Triboindenter and Fischerscope H100 testers, both equipped with Berkovich tips. In case 
of nanoindentation the tip diameter was less than 50nm. The standard procedure proposed by Oliver and Pharr 
[9] was used for the evaluation of the hardness and elastic modulus from quasistatic tests. The  load resolution 
was around 1 nN and the load noise floor less than 30 nN. Nanodynamic mechanical analysis (nanoDMA) was 
used in the range of indentation loads from 0.01 to 11 mN. The load oscillation frequency was 220 Hz and its 
amplitude ranged from 0.5 to 2.5 nm. The nanodynamical analysis was carried out in the linear loading rate 
regime. The pre-load of 0.5 µN was set to ensure good contact between the tip.  

Moreover, several quasistatic indentation test were performed by Fisherscope H100 instrumented indentation 
tester in the load range from 10 to 100 mN and the Martens Hardness was studied. The Martens hardness 
value is calculated by dividing the maximum applied load by the surface area of the indenter penetrating 
beyond the original surface of the tested material. The applied load of 100 mN was used in order to study the 
differential hardness Hdiff and the resistance of the coating/substrate system against delamination. Berkovich 
indenter with tip radius of 200nm was used for this tests. The load increase was controlled according to function 
L=Ct2, where L is the load, t is the time and the constant C=25mNs-2. The differential hardness was calculated 
as the derivative of the indentation load according to the contact area. The differential hardness dependence 
on the indentation depth was used to visualize the defect creation in the tested materials. 

3. RESULTS 

The presented work builds on previous results presented in the proceedings of the Conference Nanocon 2016 
[4]. In the previous work we studied the dependece of chemical composition and physical properties of nitrogen 
doped PPHMDSO films on the nitrogen to HMDSO flow rate ratio R in a relatively wide range from 3 to 33.   

For the present work we selected 3 samples with different R (5, 17, 33) prepared under the conditions 
described in the previous work in order to study the reproducibility of the deposition process as well as the 
environmental stability of the deposited thin films. The deposition conditions are given in Table 1. The results 
obtained using FTIR studies on the selected samples are illustrated in Figure 1. 

Table 1 Summary of deposition conditions together with deposition rates obtained from ellipsometric results.  
  QN is the nitrogen and QHMDSO is the HMDSO flow rate, R is the ratio of flow rates and Ub is the DC  
  bias voltage at the beginning and at the end of deposition process 

Sample QN [sccm] QHMDSO [sccm] R Ub [V] Dep. rate [nm/min] 

1 2 0.4 5 -320/-360 40.8 

2 5 0.3 17 -215/-246 15.5 

3 10 0.3 33 -80/-125 14.2 
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Figure 1 IR spectra of the as-deposited films 

The absorption peaks centered around 450 cm−1 may be associated with Si-O-Si rocking [11] and/or Si3N 
stretching [12]. Significant absorptions were observed in the MIR region from 800 cm-1 to 1250 cm-1 for all 
three studied films (Figure 1). There are several characteristic vibrations around 800 cm-1 in IR spectra of 
organosilicon films including Si-O-Si bending at 800 cm−1, CH3 rocking in Si(CH3)n (835 cm-1) and Si-N 
stretching at 850 cm-1 [13,14,15]. Spectral range from 950 cm-1 to 1200 cm-1 include absorption peaks  
of Si-O-R chains (Si-O-Si asymmetric stretch: 1036 and 1060 cm−1, Si-O-C stretching vibrations at 965 cm−1 

and 1160 cm−1) [13,15,16]. Absorption signal around 1230 cm−1 is probably a result of CH3 wagging of Si-CH3 

group [13]. Si-O-C vibrations at 965 cm-1 are possibly partially overlapped by absorption peaks of Si-
OH (~920 cm-1) and by Si-N stretching at ~930 cm-1 typical for nitrogen containing organosilicon films [14,17]. 
In Figure 1, there is a strong absorption centered around 2170 cm−1, which can be assigned to Si-H valence 
vibration [16]. The region from 2850 to 2960 cm−1 is characteristic for asymmetric and symmetric stretching of 
CH3 and CH2 groups [13,16]. Studied HMDSO-based plasma polymers include significant amount of adsorbed 
water, which is represented by broad OH stretching peak approximately at 3400 cm-1 and OH bending vibration 
at 1600 cm-1 [13,16].   

The above described samples were used to study their aging under laboratory conditions. All studied layers 
have lost hydrogen in the Si-H bonds within a few days of aging. The rate of Si-H decay differed for each 
sample. This difference can be due to both the different chemical composition of individual layers and their 
different thicknesses.  

In case of the sample with R=5, 490 nm thick, Si-H bonds vanished within 48 hours, what was accompanied 
with film thickness increase to 600 nm and RMS (Rooth Mean Square) roughness from 0.3 nm to 0.6 nm. 

In case of sample with R=17 and thickness t=255 nm, the Si-H bonds vanished within 24 hours, however the 
sample thickness change was very small even after 48 hours (increase of 18 nm), which is almost in the frame 
of the experimental error (±6 nm) of the thickness determination. The RMS roughness (0.7 nm) of this film 
remained the same in the frame of the experimental error of roughness evaluation. 

Sample with R=33 and t=142 nm did not contain Si-H bonds at all. It is possible both, either the as-deposited 
layer did not contain Si-H bonds or the Si-H bonds decay occurred in an extremely short time. RMS roughness 
increased from 1.2 to 1.5 nm. 
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In case of samples with R=5 and 17 there were observed significant changes in the spectra also in the region 
of the wave lengths from 700 to 1300 cm-1.  

 
Figure 2 IR spectra of sample with R=5. Comparison of the as-deposited state with spectra acquired after 

several times of aging on air under laboratory conditions 

An example of the humidity induced structure changes is illustrated in Figure 2., where the IR spectra acquired 
on sample with R=5 are shown after several different times of sample aging on air under laboratory conditions. 
It is evident from the Figure 2, that in addition to the reduction of Si-H bonds, the number of OH, Si-O-Si and 
Si-O-C groups have been increased. Similar trends were described in [18] for plasma polymers prepared from 
methylsilane, methylsilazane, and methylsiloxane precursors.  The diffusion of atmospheric oxygen and water 
into the as-deposited films caused substantial decrease in the hardness and elastic modulus of the samples 
mainly due to the increase of the number OH groups in the films (see Figure 3a). Moreover, the film volume 
increase resulted in increase of compressive stress and the films became less resistant against indentation 
induced delamination. The results of nanoDMA measurements in Figure 3b illustrate the non-homogeneous 
hardness and elastic modulus depth profiles of films after aging. 

 
 

Figure 3 Example of the dependence of the Martens Hardness on the aging time measured with applied 
load of 10mN (a.) and the dependence of the effective elastic modulus and indentation hardness on the 

indenter displacement measured after aging (b.) for sample R=5 
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CONCLUSION 

The process of aging in nitrogen doped plasma-polymerized organosilicon thin films was studied at laboratory 
conditions. The IR spectroscopic results revealed significant influence of aging on the films structure. The 
decay of Si-H groups and the increase of OH related bonds were found to be the most dominant processes in 
the structural changes resulting from aging at air. The structural changes were accompanied by substantial 
changes in film thickness. These changes occur because of the diffusion of atmospheric oxygen and water 
into the as-deposited films.  
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Abstract 

The paper deals with the study of layers applied by magnetic sputtering on samples for electron microscopy 
to obtain electric conductive surface. It describes the effect of different deposition parameters on the change 
of the surface morphology of the samples. The reference substrate is pure Si wafer; as the coating material 
was selected the most commonly used gold and platinum. Scanning Electron Microscopy and Atomic Force 
Microscopy were used for qualitative and quantitative evaluation of the structural changes. 

Keywords: Scanning electron microscopy, charge compensation, sputter coating 

1. INTRODUCTION 

The basic principle of Scanning Electron Microscopy is the bombardment of specimen’s surface by accelerated 
electrons, which interact with the surface. To avoid static charge buildup on the surface of non-conductive 
samples and the creation of image artifacts, it is necessary to introduce such procedures, which eliminate the 
accumulation of the charge, resp. make sample modifications, thanks to which the surface becomes electrically 
conductive. To reduce or eliminate charging, without any modification the sample, it is also possible to use e.g. 
reduced current for scanning, resp. lower accelerating voltage. If this does not affect the resolution, the charge 
accumulation can be reduced by increase of scanning speed. More advanced SEMs are equipped by so called 
charge-compensator, which locally injects nitrogen to the scanned area, which removes the charge. Where 
these steps are not applicable, it is necessary to proceed with the treatment of the samples to make them 
conductive. Samples can be impregnated chemically (biological samples, osmium reactions with tannic acid), 
coat them using chemical vapor deposition (metal or carbon is heated under high vacuum), or coating by ion 
sputtering, which is based on a regulated discharge in argon atmosphere by the effect of electrical voltage 
(during discharge, gas ionization occurs, the resulting ions are attracted to the cathode - target - of coated 
metal, from which the accelerated ions ejects metal particles - they then cover the surface of the sample - 
substrate - by thin layer of metal). [1-3] 

The following text deals with the method of ionic sputtering, which in practice is the most commonly used 
method of sample coating. It examines possible influences of the parameters of this coating method on the 
surface morphology of the studied samples. 

The sputter coating is based on the dispersion of the cathode material formed by the coated metal (e.g. gold, 
platinum or palladium), by ions of the working gas (typically Ar) extrapolated from the glow discharge plasma, 
which is located by a magnetic field close to the cathode. Plasma electrons are captured in the "tunnel" of 
magnetic field and drift along the tunnel. This considerably extends the trajectory will increase the number of 
collisions and create a dense plasma. Positive ions come from plasma to target. The atomized target particles 
pass through the plasma towards the substrate at which the negative charge is. Scheme of sputter coating 
see on Figure 1. [1,2,4] 
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Figure 1 Scheme of sputter coating [1] 

The main advantage of sputter coating is the homogeneous deposition of layers. One of the appreciable 
disadvantages of sputter coating is, that in the case of extra fine sample surfaces, the coating layer could affect 
not only chemistry but also the morphology of surface of the samples that we need to examine. The most 
noticeable effect will be the thickness of the layer (depends on sputtering time), often applied at a thickness of 
up to 10 nm, and the material (metal) used for coating. Other variables that may affect, even minority, are 
current, vacuum level and distance from target to substrate. The goal of this paper is to evaluate and describe 
the morphology of deposited layers with respect to thickness and sputtered material. [1,5,6,7] 

2. EXPERIMENTAL 

2.1. Samples - preparation and parameters 

As reference samples to study the effect of coating on surface morphology were used identical Si wafers with 
dimensions approx. 5x5 mm (see Figure 2). These samples were thoroughly cleaned with isopropyl alcohol 
and by the Ar ion beam. Reference samples were scanned without coating; others were sputter coated by 
layers of gold (Au) and platinum (Pt) at thicknesses of 1, 2, 5 and 10 nm. With 1 nm as the minimum thickness 
of the coating, requiring the simultaneous use of the procedures for elimination of electrical charge described 
in chap. 1, thickness 5 nm is standard, by manufacturers of coating devices recommended and default preset 
layer thickness, 10 nm then the generally reported coating thickness of the samples, in which, however, is 
expected higher rate influence of surface morphology, and 2 nm is used in practice as the compromise between 
the thickness of the layer providing sufficient charge compensation and affecting of the surface morphology. 
Each of the sample variants have been prepared and tested in 3 specimens, in total, 27 samples were used, 
the parameters of which are shown in Table 1. 
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Figure 2 Preview of the reference sample - Si wafer 

Table 1 Samples and their parameters 

Sample 1a 2a 3a 4a 5a 6a 7a 8a 9a 

1b 2b 3b 4b 5b 6b 7b 8b 9b 

1c 2c 3c 4c 5c 6c 7c 8c 9c 

Coating none Au 1 nm Pt 1 nm Au 2 nm Pt 2 nm Au 5 nm Pt 5 nm Au 10 nm Pt 10 nm 

For the sample preparation were used ion polisher Fischione SEM Mill and the sputter coating device Quorum 
Q150R ES with Au and Pt targets. Deposited layer thicknesses have been measured by integrated FTM 
crystal, the sputtering rate is 2 nm per 1 min of sputtering time. Both devices use Ar gas as the ionization 
medium. 

2.2. Experimental methods 

The acquisition of sample surface images was utilized by UHR Scanning Electron Microscope Zeiss Ultra Plus. 
Images were taken in magnifications of 100 000x and under accelerating voltage of 1 kV in topographical 
contrast, using secondary electrons (SE), through Inlens Zeiss detector. The data were processed by Smart 
SEM SW. The surface morphology of the samples was evaluated. Additionally, sample surfaces were scanned 
with use of Atomic Force Microscope JPK, in Contact mode, with scanned area of 1x1 µm, resolution of 0.98 
nm/pixel, with data processing in JPK data Processing and Gwyddeon SW. Cantilever used for scanning was 
Pointprobe Silicon SPM-Sensor (thickness 2 µm, length 450 µm, width 50 µm, resonance frequency 13 kHz, 
force constant 0,2 N/m). Besides qualitative evaluation of surface morphology of samples was performed also 
quantitative evaluation of surface roughness. 

3. RESULTS AND DISCUSSION 

Figures 3 - 5 illustrate the morphology of the examined surfaces. Figure 3 shows the sample surfaces, 
scanned by SEM at a magnification of 100 000x. The left column includes gold coated samples, the right 
column of the platinum coated samples. Below, in Figure 4, is the surface of reference sample without coating, 
and on Figure 5 are the selected results with the most significant differences obtained with the AFM. Table 2 
lists surface roughness values and measured mean values of agglomerate sizes for individual materials and 
layer thicknesses. The values are the average values of the three specimens examined (a, b, c) of the given 
sample type. 

Table 2 Quantitative parameters of scanned surfaces 

Sample 1 2 3 4 5 6 7 8 9 

Ra [nm] 0.084 0.208 0.126 0.264 0.144 0.489 0.295 1.171 0.603 

Average size of Au/Pt agglomerates 
[µm] 

- 
0.01 0.004 0.012 0.006 0.018 0.01 0.03 0.02 
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a) 

  
e) 

  
b) 

 
f) 

 
c) 

 
g) 

 
d) 

 
h) 

Figure 3 Topography of samples after coating, SEM, InLens, 100 000x magnification; a) Au 1nm, b) Au 2nm, 
c) Au 5nm, d) Au 10nm, e) Pt 1 nm, f) Pt 2 nm, g) Pt 5 nm, h) Pt 10 nm 
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Figure 4 Topography of the reference sample - uncoated Si waffer (sample 1a). AFM, contact mode, 

scanned area of 1x1 µm 

 
a) 

 
c) 

 
b)  

d) 

Figure 5 Topography of samples coated by a) 1 nm Au, b) 10 nm Au, c) 1 nm Pt, d) 10 nm Pt. AFM, contact 
mode, scanned area of 1x1 µm 

Figures 3 and 5 and the quantitative results show a considerable increase in agglomerate sizes with 
increasing layer thickness, also associated with the increase in surface roughness values. The results also 
differ with respect to the coating material. Au shows significantly larger agglomerates compared to Pt, up to 
50% for the same thickness of the layer. In the case of Au, the surface roughness is higher by 150% at 1 nm, 
by 500% at 5 nm and by up to 1300% (!) at 10 nm over the reference, uncoated sample. In the case of Pt, the 
surface roughness is higher by 50% at 1 nm, by 250% at 5 nm and by up to 600% at 10 nm over the reference, 
uncoated sample. 
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4. CONCLUSION 

It is obvious that the increase in the thickness of the coated layer is accompanied by a noticeable increase in 
the agglomerate size of the coated material on the surface and by a significant roughness of the surface 
structure whose fine morphology is greatly distorted. This is more noticeable in the case of gold coating; 
changes are noticeable even at a thickness of 1 nm. The surface roughness Ra of coated samples compared 
to the uncoated sample was increased from 0.084 nm to 1.171 nm in the case of the 10 nm Au layer, in the 
case of 10 nm Pt to 0.603 nm. It can be recommended, especially in case of nanomaterials, not to coat the 
samples and use other methods for charge compensation, or coat them only with minimum possible 
thicknesses. The further research will be focused on investigation of the influence of other variables during 
coating, especially the distance of the sample from the target and the coating current. 
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Abstract 

TiCN layers are widely used for their high hardness and abrasion resistance. Their structure, chemical 
composition and mechanical properties are affected by deposition parameters. In the present work, there 
were studied four TiCN layer deposited on Al substrate under variating C2H2/N2 process gas flow ratio. 

Keywords: Cathodic arc deposition, TiCN coatings, aluminium substrate, tribological properties, wear  
        resistance 

1. INTRODUCTION 

Application of thin layers provides a wide range of possible uses, e.g. in optics, electronics, electrotechnics 
and engineering. For example, extremely hard diamond-like carbon layers applied on cutting tools can increase 
their lifespan several times. 

There are three basic layer deposition processes - Chemical Vapor Deposition (CVD), Plasma Assisted 
Chemical Vapor Deposition (PACVD) and Physical Vapor Deposition (PVD). While the layer is formed from 
gasses in CVD, solid targets are used in PVD [1]. Cathodic arc deposition is a PVD technique in which an 
electric arc is used to vaporize material from cathode target. The vaporized material then condenses on a 
substrate, forming a thin film. Cathodic Arc Deposition in various gas mixtures enables formation of different 
layers combining the material from the solid target and gasses in various ratios.  

Titanium carbo-nitride layers (TiCN) are known for their very high hardness, high level of adhesion to substrate, 
relatively high thermal conductivity and low coefficient of friction against steel. They can be applied e.g. in 
milling, turning, drilling and cutting tools or for drawing, stamping, pressing and forming tools for the processing 
of high- and low alloy steels. Like TiN, TiCN are also suitable for applications in plastic moulding and in the 
decorative sector. Preferred application is the cutting of steels difficult to machine; high-performance cutting 
and for metal forming. [2] The morphology, structure and composition of TiCN have been investigated in 
several studies [3,4]. 

An increasing share of aluminium alloys in load-bearing and significantly stressed parts of structures results in 
greater demands on these alloys. The further development of aluminium alloys is focused primarily on 
improving the mechanical properties of already existing alloys. Coating of components and tools made of 
aluminium or different kinds of duralumin is an application that perfectly illustrates the basic meaning of this 
process. It allows for the creation of components of materials that are lightweight, inexpensive and well 
machined, and applies a coating that provides it with sufficient hardness and other required properties. [5,6] 

The article presents an investigation of the an influence of coating deposition parameters, at constant of both 
cathodic arc current and bias voltage, on the surface morphology and tribological properties of the TiCN 
coatings deposited by the cathodic arc evaporation method on an the aluminium alloys substrate at a variating 
gas ratio. 
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2. MATERIALS AND METHODS 

Disks with the size of Ø 25 mm × 5 mm were used as a substrate material. Chemical analysis of the element 
representation is performed at three different points on the surface of the aluminium substrate. Average values 
and standard deviations are described in the Table 1. 

The discs were ultrasonically cleaned in acetone and ethanol for 5 minutes. Immediately after the cleaning 
procedure, the substrates were placed into a vacuum chamber and mounted on a carousel. Finally, they were 
cleaned in a glow discharge of argon plasma, followed by substrate surface bombardment with titanium ions. 
TiCN thin coatings with a different composition were deposited by the cathodic arc evaporation of a pure 
titanium cathode (99.99%) in various gas mixtures of C2H2 and N2 (see Table 2) at a constant pressure. To 
achieve good adhesion of the coatings to the substrate, contact transition layers of Ti and TiN were deposited. 
The research was conducted on the samples labelled A, B, C and D. 

The deposition parameters, fixed for all coatings are: cathodic arc current of 85 A; deposition temperature of 
400°C; constant work pressure of 1.5 Pa and negative bias voltage of 40 V. The deposition time for Sample D 
is 60 min and for all of the others it is 120 min. 

Table 1 Chemical composition of Al substrate according to EDS analysis 

Element Composition [At. %] 

Mg 1.6±0.1 

Al Bal. 

Si 0.3±0.1 

Cu 2.3±0.1 

Table 2 Layer deposition parameters 

Flow rate Sample A Sample B Sample C Sample D 

C2H2/N2 [sccm] 20/160 30/140 75/150 93/80 

C2H2/N2 [vol. %] 11.1/88.9 17.6/82.4 33.3/66.7 53.8/46.2 

The evaluation of the coating surface morphology was performed using a Dektak ™ XT mechanical 
profilometer according to ISO 25178 standard [7]. Three measurements over different areas of 100 x 100 µm 
for each coating have been made. The CETR UMI Multi-Specimen Test System in “Ball-on-Disc” mode was 
used to estimate the tribology properties of the coatings according to the ASTM G99-95 standard [8]. The 
coefficient of friction (CoF) between the unit and the coatings is determined during the test measurement. 

The structure and chemical composition were evaluated using scanning electron microscope Zeiss Ultra Plus 
equipped with an energy dispersive spectrometer Oxford X-Max 20. EDS analysis were performed at 7 kV, the 
structures were evaluated at 2 kV. 

3. RESULTS 

3.1. Scanning Electron Microscopy 

The structure of investigated layers is shown in Figure 1. All layers have sponge-like nanocrystalline 
morphology. The surface is rough, contains a lot of pores. It obvious, that the C2H2/N2 process gas flow ratio 
directly affects the resulting chemical composition of the layers (see Tables 2 and 3). 
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Table 3 Chemical composition of the layers according to EDS analysis 

Sample C [at. %] N [at. %] Ti [at. %] C/N [-] 

Sample A  26.4 30.8 35.8 0.9 

Sample B  36.3 35.1 28.6 1.0 

Sample C  49.9 29.1 21.0 1.7 

Sample D  57.1 28.3 14.6 2.0 
 

 5000x, SE2 50000x, In Lens 

Sample 
A 

  

Sample 
B  

  

Sample 
C 

  

Sample 
D 

  

Figure 1 The surface microstructure of the investigated layers 

3.2. Characteristic of surface coating morphology 

A Dektak ™ XT mechanical profilometer was used to evaluate the coating surface morphology according to 
the ISO 25178 standard (Table 4). Three measurements were taken for each coating over different areas of 
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100 x 100 μm2. The parameters used for the measurements were: stylus type with a radius of 2 µm; load of 
4.9x10-2 mN; and range of 6.5 µm. Table 4 shows the average values of surface roughness (Sa); the height 
between the lowest recesses and the highest projection (Sz); the root mean square roughness (Sq); the height 
between the lowest recesses and the median plane (Sv); the maximum height of the protrusion (Sp).  

Table 4 Parameters of the surface morphology of TiCN coatings 

Parameter Sample A Sample B Sample C Sample D 

Sa [µm] 0.12±0.01 0.13±0.02 0.21±0.05 0.14±0.01 

Sz [µm] 1.01±0.07 1.58±0.43 2.02±0.37 1.28±0.05 

Sq [µm] 0.15±0.01 0.18±0.03 0.27±0.07 0.17±0.01 

Sv [µm] -0.46±0.02 -0.81±0.32 -0.73±0.05 -0.59±0.06 

Sp [µm] 0.54±0.05 0.77±0.10 1.29±0.34 0.69±0.01 

3.3. Tribology and coefficient of friction 

Tribological testing (Figure 2) was conducted using an Al2O3 ceramic ball (99.5 % Corundum) with a diameter 
of 6.350 mm, hardness according to Vickers: < 1500 (HV10) and specific weight and 3.860 g/cm³. When 
evaluating the friction coefficient was used load 10 N and the path length over which the counter-body moves 
was 100 m. The CoF between the counterpart (ball) and the coating is determined during the measurement. 
The rotation speed of the table during the tribological measurements is 60 RPM.   

 

Figure 2 Comparison of the friction coefficient of the coatings at the load 10N 

Figure 2 shows the dependence of friction coefficient of the investigated layers on the path length. It is clear 
that the planned length of the track (100m) is maintained by the coatings labelled Sample C and Sample D.  

Table 5 Average values of the friction coefficient 

Sample CoF [-] the first 200 seconds CoF [-] path length - 100 m 

Sample A  0.16±0.01 0.26±0.07 (wear resistance of the coating - 56 m) 

Sample B  0.18±0.01 0.18±0.01 (wear resistance of the coating - 10 m) 

Sample C  0.25±0.03 0.24±0.02 (wear resistance of the coating > 100 m) 

Sample D  0.33±0.04 0.31±0.02 (wear resistance of the coating > 100 m) 
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Table 5 describes the average values of the coefficient of friction and the standard deviation for specific values. 
Coefficient of friction values for Sample A and Sample B are described in Table 5, until damage to the coating. 
For Sample A after 56 meters and for Sample B after 11 meters from the start of the experiment. 

Sample 

A 

 

Sample 
B  

 

Sample 
C 

 

Sample 
D 

 

Figure 3 Illustration of thin layer damage after tribological experiments  

The morphology of thin layers damage after tribological experiments is illustrated in Figure 3. While in the 
case of Sample A and Sample B the layers were destroyed after 56, respectively 11 m, and the pull-out of 
substrate material is obvious, the layers Sample C and Sample D well protected the substrate up to 100 m 
length of ball on disc track. 
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4. CONCLUSION 

The coating of soft aluminium alloy substrate with TiCN layers significantly improves its tribological properties 
- CoF and wear resistance. Changing the gas ratio during the deposition of thin films affected tribological 
properties and the surface morphology of the examined samples. The best surface roughness was achieved 
for the Sample A. The layer surface roughness deteriorates with increasing ratio of the gases (C2H2/N2). The 
highest surface roughness values were measured for Sample C using the gas ratio (C2H2/N2) 75/150. 

Changing the gas ratio causes a change in the structure of thin films and affects their tribological properties. 
The line spacing structure of samples A and B does not provide the necessary protection for aluminium alloy 
surfaces (see Figure 1, Sample A and Sample B). The change of structure in samples C and D (structure 
similar to the clouds) has a positive effect on tribological properties (see Figure 2). The resulting composition 
of the TiCN layers can be controlled through the setting of process gas mixture ratio. The layer with C/N = 1 
showed the lowest CoF; the change of C/N led to increase of CoF. On the other hand, the layer with C/N = 1 
had the shortest lifetime, the layer failure occurred already after 11 m, however layers with higher C/N stayed 
consist after 100 m and well protected substrate material against the wear damage. 
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Abstract  

The main problem to the use of aluminum oxide as a coating material is its brittleness due to low toughness 
and low bending strength. The combination of high hardness, strength, fire resistance inherent in aluminum 
oxide, with plasticity and thermal conductivity, characteristic for titanium causes interest in coatings obtained 
on the basis of a composite of Al2O3 and Ti. A five series of nanostructure coatings from composite the titanium 
and aluminum oxide powders have been prepared on a corrosion-resistant steel substrate by a new multi-
chamber gas-dynamic accelerator (MCDS) with different powder composites Al2O3/xTi (x = 3 %, 13%, 25%, 
40%, 50%). It was found that the addition of Ti powder to the Al2O3 powder leads to changes in the structural-
phase composition and the hardness of the coatings obtained, the namely contributes to the formation of the 
intermetallic phase of AlTi3, which causes an increase in hardness (by 1.2 ... 1.3 times) of such coatings. To 
improve the structural characteristics it was conducted annealing of the obtained coatings. It was found that 
coatings from a composite of Al2O3/Ti powders contain twice as many particles of phase separations of 
nanoscale type as compared with Al2O3 coatings 

Keywords: Alumina-titanium coatings, multi-chamber gas-dynamic accelerator, microstructure, porosity,  
        hardness, wear resistance, heat resistance, annealing  

1. INTRODUCTION  

Metal products are widely used for engineering applications and constructions and are exposed to wide range 
of conditions and environments, e.g., in process industries. The ductile metallic base material can be subjected 
to different types of wear by the surrounding operation environment. The hard thermal spray coatings can be 
use to improve the wear resistance of the metallic surface, in such cases [1]. 

Alumina and titanium has attracted much attention due to their excellent high temperature strength as well as 
to their low density for aerospace, textile, pulp and paper, pump industries and automotive applications. 
Alumina is a hard and relatively cheap material with high hardness, good wear, and corrosion and thermal 
resistance [2,3]. It has also high electric resistance, which has made Al2O3 attractive for coating applications 
where electric insulation and high breakthrough voltage is sought. Fracture toughness of Al2O3 coatings can 
be increased by small addition of TiO2 or Ti, which is mechanically blended with Al2O3 particles [1]. 

During the last decade, nanostructured powders have been gaining increasing attention and improved coating 
properties, e.g., higher toughness, adhesion, and wear resistance, have been reported [4]. Typically, Al2O3+Ti 
powders have been manufactured by blending Al2O3 and Ti fused and crushed powders. 

One approach to improve the Al2O3 coatings has been the use of a new multi-chamber gas-dynamic 
accelerator (MCDS) [5-7]. Feature of multi-chamber gas dynamic accelerator is that for acceleration and 
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heating the powder used cumulated flow of combustion products that are generated within the detonation 
chamber and the precise dosage and timing input of the sprayed powder. 

This work aims at studying the influence composition of the powder Al2O3/xTi (where x = 3%, 13%, 25%, 40% 
and 50%) on the structural characteristics, hardness and wear resistance of the powder coating. 

2. EXPERIMENTAL PROCEDURE 

Al2O3/xTi (where x = 3 %, 13%, 25%, 40% and 50%) mixing powder was used as the starting material to 
deposit a dense ceramic coating on the corrosion-resistant steel substrate (С~0.12 Si~0.08 Mn~2 Ni- 9-11 
S~0.02 P~0.035 Cr-17-19 Fe~67, all in wt pct). The annealing was carried out in a muffle furnace Nabertherm 
to the parameters presented in Table 1. The alumina-titanium coatings were prepared according to the 
parameter values presented in Table 1. 

Table 1 Spraying parameters and properties of the coatings of composite powder 

Parameters 
Composites % Ti/Al2O3 

3/97 13/87 25/75 40/60 50/50 

Flow rate of 
fuel mixture 
components 

(m3/h) 

Oxygen *0.99 / **1.26 

Propane 
(30%) + 
butane 
(70%) 

*0.22 / **0.28 

Air *0.48 / **0.6 

Barrel length (mm) 500 

Barrel diameter (mm) 16 

Spray distance (mm) 65 

Frequency (Hz) 20 

Powder feed rate (g/h) 800 

Annealing parameters (ºC/ 
heating time h/ annealing 

time h/ cooling time h) 
800/5/3/10 750/5/3/10 700/5/3/10 600/5/3/10 550/5/3/10 

Porosity (%) / after annealing 0.17/0.11 0.19/0.12 0.41/0.35 0.69/0.47 0.46/0.45 

Microhardness, HV0.2 / after 
annealing 677±101/684±92 657±70/699±45 603±83/621±103 594±61/617±45 524±87/528±60 

Wear factor,  
(×10-5)mm3(m∙N)-1/ after 

annealing 
0.83/1.50 0.91/1.07 1.28/1.51 0.82/0.81 0.56/0.53 

Heat resistance (number of 
cycles to failure) / after 

annealing 
404/396 397/402 392/387 384/391 377/356 

The microstructure and elemental composition of the powder and coatings were determined using scanning 
electronic microscopes (SEM, Quanta 200 3D FEG) equipped with an X-ray detector of the PEGASUS 2000 
system and optical microscopy (OM, Olympus GX 51), transmission microdiffraction electron microscopy 
(TEM, JEM-200CX, accelerating voltage 200 kV, JEOL, Japan) Observations of the samples with coating were 
carried out on the polished cross-sections that were normal to the surface. Porosity was determined by the 
metallographic method with qualitative and quantitative analysis of pore geometry using an inverted optical 
microscope (Olympus GX51). X-ray diffraction analysis of the alumina powder and ceramic coatings was 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

862 

carried on the X-ray diffractometer (Rigaku Ultima IV) in the pseudo-parallel beam mode in an angle range of 
18-100° 2-theta. Crystalline phases were identified using the ICDD PDF-2 (2008) powder diffraction database. 

The tribological evaluations of the coated substrates under dry conditions were performed using a ball on disc 
tribometer that was manufactured by CSM Instruments (Switzerland) according to ASTM wear testing standard 
G-99. All tests were performed at 25ºC with a relative humidity of approximately 50%. A 6 mm in diameter 
Al2O3 ball was used as a counter body. Specimens from all series were tested under a 6 N normal load, a 
radius of the wear circle of 5 mm, a 0.15 m∙s -1 sliding speed and a total sliding distance of 1200 m. During 
testing the friction coefficient was recorded as a function of the sliding distance. The total wear volume was 
calculated by measuring the track cross-sectional area with a stylus profilometer (Taylor-Hobson) at ten 
different locations along the wear track. The ASTM G-99 standard determines the amount of wear by 
measuring the appropriate linear dimensions of both specimens (ball and disk) before and after the test [8]. 

Microhardness was measured with an automatic microhardness tester (DM-8B, Affri) using a Vickers test with 
a 200 g test load. Indentation was carried out on cross-sections of the samples of the coatings; the distance 
between the indents was 20 μm. On average, 10 tests were used as an indicator of coating hardness. Ten 
samples were obtained by different operation cycles under the same conditions. 

Heat resistance test for samples was performed by thermal shock method by RU standard 9.312-89. Tests 
were carried out on samples which were fixed in holders (Figure 1.). The thermal movement arose as a result 
of cyclic heating and cooling of the central part of the sample. The thermal shock as is known not only sharp 
single heating, but also a few heating of high-intensity (up to several tens or hundreds). Therefore tests on 
thermal stability under heat shock were conducted according to the scheme:  heating up to the set temperature 
- holding time 5-10 minutes - abrupt cooling to the set temperature (the diagram is shown for one cycle). The 
flat square sample with a sufficiently thick wall heated with one hand and cooled with the other hand. The 
thermal stresses arising as a result will be to lead to cracking. 

The criterion is the magnitude of the temperature gradient with a single cycle use: 

∆푡 =              (1) 

where t1 and t0 - heat (t1) and cool (t0) temperature of the surface; h - the thickness of the wall on which detected 
the initial crack or a crack of given length. 

 
Figure 1 Scheme fixing for heating and cooling sample: (1) sample; (2) screw for fastening clamp; (3) clamp; 
(4) frame for mounting the sample; (5) nozzle for the supply of cooling water; (6) acetylene burner; (7) gas-

flame jet; (8) water jet; (9) laser pyrometer 
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The destruction of the sample or the number of cracks evidencing of its destruction is criterion for the stop of 
the cyclic thermal shock test. Al2O3/Ti coatings on the steel substrate were tested by the above procedure to 
complete destruction of the coating on the sample. The water jet was 4°C; the coatings were heated to 550 ± 
15°C. Cooling the sample to ambient temperature was carried out using water jets. 

All of the obtained samples are characterized by almost the same microstructures, microhardness and heat 
resistance, before annealing the coatings from a composite of Al2O3/Ti powders contain twice as many 
particles of phase separations of nanoscale type as compared with Al2O3 coating. After annealing Arbitrary 
selected data are presented in the paper. 

3. RESULTS AND DISCUSSION 

The cross-sections of the coatings were studied with Quanta 200 3D FEG (SEM). General views of the coating 
structures are presented in Figure 2 and Figure 3. All coatings are relatively dense. The coatings sprayed 
from fused and crushed powders showed typical coating structure with evenly distributed porosity (Table 1). 
Figure 3 shows a more dense structure of coatings, which is associated with a decrease in porosity. The 
composite coating 60%Al2O3/40% Ti coating showed higher porosity co pared to other coatings. The porosity 
was found to result from pull-outs and removal of completely unmelted particles in the structure. 

 

Figure 2 Structure of the Al2O3/xTi composite coatings before annealing 

The coating is formed through the successive layering of a set of deformed particles with different 
temperatures, speeds and masses. The dense coating was formed through the intensive plastic deformation 
resulting from the impact of a particle moving with high velocity and the tamping effect on the source side of 
the following particles. Spraying is associated with the high temperatures and velocities of the moving powder 
particles, with the result that a large fraction of the powder are melted and small particles are completely melted 
with deposition of the appropriate alternating layers. The process of the combustion in the new multi-chamber 
gas-dynamic accelerator allows for increase of the of the particles velocity. 
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X-ray diffraction analysis of the coatings revealed that the use of Al2O3 / Ti powders promotes the formation of 
coatings identical phase composition (α-Al2O3; γ-Al2O3; AlTi3) with an approximately equal content of the 
emerging phase constituents. However, with increasing titanium, the content of the AlTi3 phase increases, 
which leads to an integral decrease in the microhardness of the coating. After annealing in the coatings, the 
content of α-Al2O3 increases due to the reduction of γ-Al2O3, the content of the AlTi3 phase remains virtually 
unchanged. Increase in α-Al2O3 is due to an increase in microhardness and a decrease in the wear resistance 
of coatings.  

 

Figure 3 Structure of the Al2O3/xTi composite coatings after annealing 

The results of TEM studies have made it possible to study the features of the fine structure of coatings and its 
parameters: a change in the density and nature of dislocation distribution in various structural components (in 
internal volumes and along structural boundaries); the nature of the emerging substructure, its parameters; 
the size of the subgrain; diameter of particles and phase precipitates; the effective distances between the 
emerging phases, and etc. 

For coatings with the most favorable (high microhardness, minimum porosity, etc.) structural-phase changes, 
namely - Al2O3+3% Ti (Figure 4) and for comparison - Al2O3+13%Ti (Figure 5) the following is established. 
In the case of using Al2O3+3%Ti powder (Figure 4a), the particle size of phase separations of nanosize type  
(dh = 10 ... 100 nm) in the surface layers of coatings decreases by a factor of 2 compared to the coatings 
Al2O3+13%Ti (Figure 5a). In practice, the distance (lh) between the emerging dispersed phases  
(up to lh = 10 ... 30 nm) also decreases practically 2 ... 2.3 times, which characterizes the increase  
in the volume fraction in the matrix of the phases formed. It is also observed that the substructure is  
reduced by a factor of 1.4 with increasing dislocation density on the outer surface of the coatings: from  
r ~ 2 ... 3 ∙ 109cm2 to r ~ 3 ... 5 ∙ 109 cm-2. In this case, the dislocation density (r) in coatings varies from  
r ~ 5 ... 6*109 cm2 (Figure 4 b, c) to r ~ 6 ... 7*1010cm-2 (Figure 5 b, c). 
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Figure 4 Fine structure: coatings Al2O3+3% Ti at a depth of δ ~ 150 ... 200 μm from the interface (a), in the 

coating-substrate interface (b) and the substrate material (c) 

 
Figure 5 Fine structure: coatings Al2O3+13% Ti at a depth of δ ~ 150 ... 200 μm from the interface (a), in 

the coating-substrate interface (b) and the substrate material (c) 

4. CONCLUSION 

The performed complex of experimental studies at all structural levels allowed to carry out analytical 
assessments of the contribution of various structural-phase factors and parameters formed in the studied 
coatings to a change in mechanical properties and to determine the structural factors that radically affect the 
character and distribution of local internal forming phases. It is established that high-temperature annealing 
allows improving some strength characteristics of coatings due to phase-structural changes inside the coating. 
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Abstract 

Nitrogen implantation into titanium and its alloys significantly improves their surface hardness, sliding 
behaviour, wear and corrosion resistance. A thin surface nanolayer originating, e.g., from air exposure or from 
condensation of oil vapours modifies the ion energy distribution and causes a difference in the ion range. The 
effect of the thickness of the contaminant carbon layer on the nitrogen distribution was investigated. Titanium 
samples with a carbon nanolayer were implanted with nitrogen ions. An almost Gaussian experimental 
concentration profile was observed. The maximum of nitrogen concentration moves into the specimen with 
increasing thickness of the nanolayer. The experimental findings are in agreement with the theoretical 
calculations. These results can be useful for optimizing surface modifications of titanium materials by ion 
implantation. 

Keywords: Ion implantation, concentration profile, surface nanolayer 

1. INTRODUCTION 

Ion implantation is a universal method for modifying the surface properties of the solids. Nitrogen implantation 
into the titanium and its alloys improves their surface properties such as hardness, friction coefficient, 
wettability, corrosion and wear [1-3]. Nitrogen distribution characterized by concentration profile in the 
implanted zone helps to clarify the mechanisms for improving surface properties [4]. The modified property 
can be controlled by changing the nitrogen concentration in the implanted surface area. The collisions of the 
accelerated nitrogen ions with target atoms deliver the energy in the sample surface. This leads to damage to 
the crystal lattice and a high concentration of lattice defects toward the surface [5]. The accumulation of these 
defects and their migration deform the concentration depth profile in implanted zone through radiation 
enhanced diffusion (RED) [6]. Owing to high affinity of titanium, surface adsorption of species causes the 
formation of thin contaminant layer. A residual atmosphere (e.g. oxygen and carbon) exists in vacuum 
chamber. If the contaminants adsorb or are co-implanted into the surface in large quantities, oxidation and 
carburization causes the microstructural changes of the implanted surface [7]. The chemical composition and 
the thickness of contaminant layer alter the depth distribution of implanted ions due to changes in the ion 
energy distribution [8, 9]. Tian et al. [10] observed skewing and translation of the nitrogen depth profile in 
implanted stainless steel due to surface contamination. Comparison experimental depth profiles and calculated 
depth profiles by Lacoste et al. [11] showed that they are consistent if no impurities are present in implanted 
titanium.  

In this work, we present the effect of the thin contaminant carbon nanolayer on depth distribution of implanted 
nitrogen. Nitrogen depth distribution was measured by a glow discharge optical emission spectroscopy 
(GDOS). The experimental data shows a good agreement with the SRIM simulations. 

2. EXPERIMENTAL PART 

The substrates were made of Ti6Al4V titanium alloy in the form of a cylinder 14 mm in diameter and 3 mm in 
height. The samples were cut from a titanium alloy bar and were then ground with a series of waterproof 
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abrasive papers. Final polishing was performed with diamond paste. The samples were ultrasonically cleaned 
in isopropyl alcohol.  

The experiment was performed in two steps. The first step was to deposit the carbon nanolayer by electron 
evaporation of a carbon tablet. The nanolayer thickness was 20 nm and 40 nm. Deposition rate and nanolayer 
thickness were measured by a quartz crystal monitor located in the vacuum chamber. In the second step, the 
coated samples were irradiated by nitrogen ions. The accelerating voltage was 90 kV and the maximum ion 
current density was approximately 1.5 μA·cm-2. The fluency of implanted nitrogen atoms was about 1·1017 cm-

2 for both series of the coated samples. The ion current was measured by the Faraday cup. An experimental 
arrangement of the modification process is illustrated in Figure 1. 

 
Figure 1 An experimental arrangement of the modification process 

The chemical composition was measured by means of the glow discharge optical emission spectroscopy 
(GDOS) method. A LECO GDS850A optical emission spectrometer was used. Atomization of the sample 
surface was performed by the mechanism of cathode sputtering under an anomalous discharge. The process 
gas was argon. The spectrometer was calibrated using reference materials with a known composition and 
known sputter rates, and the “standard” calibration model was used [12]. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the typical nitrogen concentration profiles in the modified area of the implanted Ti6Al4V 
samples without a carbon nanolayer (sample Carbon 0 nm) and with a carbon nanolayer 20 nm in thickness 
and 40 nm in thickness (sample Carbon 20 nm and sample Carbon 40 nm). The distortion of Gaussian like 
concentration profiles are visible on top of the surface, due to nitrogen adsorption. The results in Figure 2 
show that the maximum of nitrogen concentration moves deeper into the sample with increasing thickness of 
the carbon nanolayer. The observed trend for nitrogen concentration maximum movement is in agreement 
with the SRIM simulation. The resulting SRIM nitrogen profiles are shown in Figure 3. According to the SRIM 
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simulation, the projected range of nitrogen ions is 80 nm for sample Carbon 0 nm, 85 nm for sample Carbon 
20 nm, and 90 nm for sample Carbon 40 nm. This is in good agreement with the experimental findings. 

 
Figure 2 GDOS concentration profiles of nitrogen in the implanted Ti6Al4V alloy with and without a 

carbon nanolayer 

The observed changes in the nitrogen concentration profiles are caused by the physical properties of carbon 
nanolayer. The ion range of implanted ions is modified by energy losses caused by collisions between the 
implanted ions and the carbon atoms. The relative atomic mass of carbon is approximately 4 times lower than 
that of titanium, and atomic density of carbon is approximately 1.6 times greater than that of titanium [8]. This 
causes the carbon nanolayer more penetrable for implanted ions in comparison with titanium. The maximum 
of nitrogen concentration shifts towards the carbon/titanium interface with increasing thickness of the 
nanolayer. However, towards the sample surface, the maximum of nitrogen concentration moves deeper into 
the sample due to the easily penetrable carbon nanolayer. The implanted ions after passing the surface 
nanolayer penetrate into the substrate in the modified projected range and modified longitudinal straggling 
which causes an increase in the maximum of nitrogen concentration in dependence on the thickness of the 
carbon nanolayer. 

 
Figure 3 Comparison of nitrogen concentration profiles of implanted Ti6Al4V alloy with and without a 

carbon nanolayer calculated by the SRIM code 
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4. CONCLUSION 

The effect of the thickness of the carbon layer on the nitrogen depth distribution was examined. It has been 
demonstrated that the nanolayer thickness deforms the concentration profile of implanted nitrogen. The 
maximum of nitrogen concentration moves into the sample with increasing thickness of the nanolayer. The 
implanted ions penetrate into the substrate in the modified projected range and modified longitudinal straggling 
which causes an increase in the maximum of nitrogen concentration in dependence on the thickness of the 
carbon nanolayer. The experimental findings are in agreement with the theoretical calculations from SRIM 
simulation. 
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Abstract 

Nanofiltration has made tremendous progress during the past decades due to its excellent removal of 
contaminant from wastewater. These membranes have gained interest recently for the treatment of inorganic 
effluent to reduce the amount of wastewater produced and in addition improve the quality of effluent.  The 
basic principle of nanofiltation separation is by sieving effect and electrical charge of a membrane. This can 
be clearly understood by determining the structural (pore radius and membrane porosity ratio) and electrical 
properties of a membrane. A polyamide thin composite NF membrane (AFC 30) was used to characterize the 
structural and electrical parameters. The structural values were estimated with permeation experiments of 
aqueous solution of neutral solutes in conjunction with steric hindrance model (SHP). The fixed charge density 
on the membrane surface was determined using sodium chloride experiments at different concentrations. The 
data from sodium chloride experiment were used to evaluate the effective charge density (ФX) by using the 
Spiegler-Kedem model together with the charge model called Teorell-Meyer- Sievers (TMS). It was found that 
the membrane charge depends solely on the salt concentration in the solution, which is because of ion 
adsorption on the membrane surface. 

Keywords: Nanofiltration, polyamide membrane, rejection, modelling 

1. INTRODUCTION 

Nanofiltration is a subset of pressure driven process which is intermediate between reverse osmosis (RO) and 
ultrafiltration (UF) membrane. The main driving force for the separation in NF is the pressure difference 
between the feed and permeate side of the membrane. NF is a combination of steric, Donnan, dielectric and 
transport effects. As compared to other pressure driven processes, NF is characterized by a membrane pore 
size (<1 nm) corresponding to a molecular weight cut off (MWCO) of approximately 300-500 Dalton 
(Mohammad et al., 2015). Nanofiltration separation has specific advantages over reverse osmosis. These are 
less energy consumption, lower operating pressure than RO, higher flux in comparison with RO, inexpensive 
compared to reverse osmosis and monovalent ions partly passes through the membrane whiles multivalent 
ions are rejected to a certain degree determined by the feed stream (Mikulášek and Cuhorka, 2016). In 
addition, charged effects can be positive or negative (repulsive) but is result of charge both in the membrane 
and solute. However, the membrane charge is due to dissociation of ionisable functional group in the 
membrane surface and pores. This group can be acidic or base in nature or a combination of both based on 
the material used in manufacturing and fabrication process (Gherasim et al., 2014). Until now, the separation 
mechanism of nanofiltration is not clearly understood. 

For better understanding of the separation mechanism of NF membrane, it is important to determine the 
structural properties and charge of membrane for practical use. The structural properties refer to the pore ratio 
and membrane thickness to porosity. Several NF membranes solely depend on the information provided by 
the manufacturers. But, limited information is given in terms of membrane permeability, solute rejection and 
neutral solute rejection. Such available information cannot give preliminary values on the structure and 
electrical properties of the membrane (Bowen and Mohammad, 1998). 
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Several models have been used to describe and predict flux as well as retention at different operating 
conditions of both uncharged and charge species by NF membrane. In this present work, experiments were 
performed using AFC 30 membrane to determine the rejection of different uncharged solutes. By using the 
permeation of aqueous solution of neutral solutes together with steric hindrance pore model (SHP), the pore 
radius (rp) and membrane porosity ratio (∆x/Ak) were estimated. The interpretation of data found from sodium 
chloride experiment of different concentration was used to predict the charge properties on the surface of the 
membrane. This was done by using the Spiegler-Kedem and the Teorell-Meyer-Sievers model. 

2. THEORY 

Transport phenomena of single solute and solvent in both NF and RO processes can be described a well-
known irreversible thermodynamic (IT) model. Kedem and Katchalsky derived transport equations for the 
volume flux (Jv) and solute flux (Js) as follows (Kedem and Katchalsky, 1985): 

푱풗 = 푳풑(∆푷 −  흈. ∆흅) (1) 

푱풔 = 푷 풄풎 − 풄풑  +  (ퟏ − 흈). 푱풗풄풔 (2) 

where σ, P and Lp are the reflection coefficient, solute permeability and water permeability respectively. The 
Spiegler-Kedem model is used when there exist the high difference between the retentate and the permeate 
(Spiegler and Kedem, 1966). This can be expressed in Eq. 1 in a differential form as follow; 

푱풔 =  −푷 풅풄풔
풅풙

+ (ퟏ − 흈) 풄풔푱풗  (3) 

Assuming constant fluxes and constant coefficient are integrated through the membrane thickness. The real 
retention can be calculated by using the following equation; 

퐑 = ퟏ −
퐜퐩

퐜퐦
=  

훔 (ퟏ − 퐅)
ퟏ − 훔퐅          퐰퐢퐭퐡  퐅 = 퐞퐱퐩 −

ퟏ − 훔
퐏  .  퐉퐯  (4) 

Equation 4 which is the Spiegler-Kedem equation describes the solute retention with solvent volumetric flux 
and the solute permeability. This model assumes the membrane as a black box and gives no information about 
the transport mechanism. Several models has been introduces to interpret σ and P to estimate the structural 
and electrical properties of membrane. 

By using a single neutral solute and a NF membrane, σ and P can be determined by the SHP model. Nakao 
and Kimura proposed the steric hindrance pore (SHP) model which was modified from the pore model (Nakao 
and Kimura, 1982). 

훔퐬 = ퟏ − (ퟏ +
ퟏퟔ
ퟗ  훌ퟐ) (ퟏ − 훌)ퟐ [ퟐ −  (ퟏ − 훌)ퟐ] (5) 

퐏퐬 = (ퟏ − 훌)ퟐ퐃퐬(퐀퐤 /횫퐱) (6) 

where λ is defined as the ratio of the solute radius (푟 )  to pore radius (푟 ). 

To a salt solution of 1-1 type electrolyte and negative charged NF membrane, the Teorell-Meyer-Sievers (TSM) 
model equation is used (Wang et al., 1995; Hoffer and Kedem, 1967). The equations which involve reflection 
coefficient (σ) and solute permeability (P) are given as follow;  

훔퐬 = ퟏ −
ퟐ

(ퟐ훂 − ퟏ)훏 + (훏ퟐ + ퟒ)ퟏ/ퟐ (7) 

퐏퐬 = 퐃퐬(ퟏ − 훔) (퐀퐤 / ∆퐱) (8) 

where ξ is the parameter which expresses the electrostatic effects and is defined as the ratio of the fixed 
charge density of the membrane (X) to the concentration of the 1-1 electrolyte (c). 
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3. MATERIALS AND METHODS 

3.1. Material 

The membrane used in this experiment is NF tubular membrane labelled, AFC 30 (PCI membrane systems). 
It is a thin film composite membrane consisting of an aromatic polyamide skin-layer on a polysulfone substrate. 
The membrane is capable of withstanding pressure up to 60 bars, temperature below 70o C and pH in 1.5 - 
10.5 range. 

All the reagents used were of analytical reagent grade. The aqueous solution was prepared by dissolving the 
reagents which are sodium chloride, glucose, glycerol, triethylene glycol (TEG), and lactose. It was supplied 
by Penta Co., the Czech Republic. The solutions were prepared by dissolving the reagents in highly 
demineralised water (conductivity< 1 μS/cm, pH 6.0± 0.2). 

3.2. Experimental set-up and procedure 

The cross flow separation unit used can be seen in previous published article by Gherasim et al., 2014. The 
experiment temperature of the feed solution was at a constant value of 25 o C by using the heat exchanger 
and transmembrane pressure which varies in a range of 5-30 bars. The pure water flux was measured at 
various transmembrane pressures at the same range and the membrane pure water permeability was 
estimated. The value obtained for pure water permeability is Lp = 5.84 m-2 h-1 bar-1 at 25 o C. The NF 
experiments were performed in total recycle mode, for both permeate and retentate returned to the feed tank 
to maintain a constant concentration in feed. The permeate flux was determined by weighing using an 
electronic balanced connected to a personal computer, and samples of permeate and feed were collected at 
each transmembrane pressure. The structural parameters of the membrane that are the effective pore radius 
(rp) and membrane thickness to porosity ratio (Δ푥/퐴푘) can be obtained from the uncharged solutes rejection 
values. The experiment was performed using 500 mg l-1 solutions of glycerol, triethylene glycol, glucose and 
lactose at the natural pH demineralized water (6.0 ± 0.2). The uncharged solutes concentration in feed and 
permeate was determined by the total organic carbon (TOC) technique. The membrane surface charge is 
another parameter which is necessary for characterization of membrane. Permeation experiments of NaCl 
solution at different concentrations from 100-1000 mg/L at pH 6.0 was used to estimate the surface charge of 
the membrane. Conductivity was measured by using a WTW Cond 340i conductometer equipped with a WTW 
TetraCon 325 electrode. 

4. RESULTS AND DISCUSSION 

4.1. Estimation of structural properties 

The rejections for 500 mg l-1 solution of neutral solutes are plotted against the flux by AFC 30 membrane. The 
experiments values of the neutral solutes (symbol) were fitted with Spiegler-Kedem model (dash) which was 
in good agreement as presented in Figure 1. It can be observed that the bigger the molecular weight of solute, 
the higher the rejection. By using these fittings, the values of the parameters model (coefficient of reflection 
and solute permeability) were estimated. From equations 5 (SHP model), the pore radius (rp) were determined 
by fitting with the reflection coefficient from the Spiegler-Kedem model. The values of rp were in good 
agreement excluding lactose, with average value of 0.374 nm. Likewise, the solute permeability (P) was used 
to determine the membrane porosity ratio (Δ푥/퐴푘) from equation 6 (SHP model) and the results were found in 
Table 1. The average value of (Δ푥/퐴푘) was calculated from Table 1 which is 0.327x 10-7 m without lactose. 
This is because reflection coefficient (σ) of lactose is close to unity and produce value which is not in good 
agreement with the other neutral solutes. This depicts, that the SHP model cannot be applied to for solute with 
very high retention. In addition, the membrane porosity ratio increases with increase in both molecular weight 
and stroke radius for neutral solutes being considered. Similar results were obtained from previous studies 
(Nakao and Kimura, 1981).  
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Table 1 Calculation of σ and P of neutral solutes and structural parameters of NF membrane using SHP 
  model 

Solute 

Molecular 
weight Diffusivity rs σ       P rp ∆x/Ak 

gmol-1   10-10 m2.s-1 nm   [-] [10-6 m.s-1] [nm] [10-7 m] 

Glycerol 92.1 9.5 0.258 0.764 19.5 0.342 0.294 

TEG 150 7.31 0.336 0.915 4.20 0.389 0.321 

Glucose 189 6.7 0.355 0.950 1.64 0.392 0.365 

Lactose 340 4.9 0.501 0.992 0.20 0.522* 0.432* 

        0.374 0.327 

 *Average of rp and ∆x/Ak calculated excluding lactose                                                                                Average             

 
Figure 1 Rejection of neutral solutes against flux (AFC 30 membrane). Experimental data (points) were fitted 

by the Spiegler- Kedem model (dashed lines) 

4.2. Estimation of electrical properties 

To determine the membrane charged, different experiment were performed with NaCl at various feed 
concentration ranges from 100-1000 mg/L. The real rejection against the permeate flux of AFC 30 was 
dependent on NaCl concentration as represented in Figure 2. It can be observed that the solute rejections 
become low at higher NaCl concentration in feed solution. At the same time, increase in transmembrane 
pressure increases the solute removal for all NaCl concentrations. The reflection coefficient and solute 
permeability can be estimated by a best fit method using the Spiegler-Kedem in Eq. 4 from the real rejection 
of NaCl against the flux for feed solutions. The values of the membrane parameters can be found in Table 2. 
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Figure 2 Rejection of NaCl against flux (AFC 30 membrane). Experimental data (points) were fitted by 

Spiegler-Kedem model (dashed lines) 

The TMS model in eq. (7) can be simplified when the transport number of cation in the free solution (α) was 
calculated with constant value of 0.3954. When this value is inserted in the TMS model, it can be further 
simplified into a quadratic equation. This equation is valid specifically for sodium chloride and is as follows: 

ퟎ. ퟗퟓퟔퟐퟎퟐ흃ퟐ +
ퟎ. ퟖퟑퟕퟏퟐ흃

(흈 − ퟏ) + ퟒ −
ퟐ

흈 − ퟏ

ퟐ

= ퟎ (9) 

The value of the effective fixed charge density was calculated from Eq. (9) based on the reflection coefficient 
for each NaCl concentration. Both positive and negative values were found for membrane charge using Eq. (9). 
The negative values were used because it has physical meaning since the membrane is negatively charged. 

Table 2 Reflection coefficients (σ) and solute permeabilities (ω) determined by fitting experimental data of  
   NaCl rejection with Spiegler-Kedem model 

        NaCl  Spiegler-Kedem model parameters 

 
Effective fixed Quality of 

Concentration charge density fitting 

mg/L σ (-)  ω (m-2 h-1) -Фx (mV) x2 

100 0.940 9.071 48.8 1.230x 10-4 

200 0.936 10.967 87.9 9.247x 10-5 

500 0.903 16.585 144.0 1.081x 10-4 

1000 0.873 28.366 211.2 1.303x 10-4 

The values of the non-linear parameter x2 in Table 2 shows that the Spiegler-Kedem model describes a very 
well the experimental rejection data for all NaCl concentrations considered. As can be observed in Figure 2 
and Table 2, the reflection coefficient (σ) decreases and the solute permeability (ω) increases by increasing 
the salt concentration in the feed solution. The Spiegler-Kedem model can estimate a good description of the 
experimental results of NaCl rejection. 
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5. CONCLUSION 

The membrane was characterized by using modelling of rejection experiment of different neutral solutes and 
NaCl concentration. The membrane parameters (pore radius and membrane porosity ratio) were found by 
using Spiegler Kedem model together with steric hindrance pore model for neutral solutes. The average pore 
radius was 0.374 nm calculated from SHP model using reflection coefficient of different neutral solutes.  The 
SHP model is very useful for determining the structural parameter of a membrane. However, it should be noted 
that this model could not be applied to solute of high retention and coefficient of reflection almost close to unity. 
The electrical properties were estimated from the rejections experiments values of NaCl solutions of various 
concentrations by using Spiegler-Kedem and Teorell-Meyer-Sievers model. It was found that the charge 
density increment depends on the NaCl concentration. This could be explained that the ions from the solution 
are absorbed on the surface of membrane, which in turn increases the negative charge. 
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Abstract  

Polytetrafluoroethylene (PTFE) which is also called as “TEFLON” is a synthetic fluoropolymer of 
tetrafluoroethylene that has wide applications due to its differentiating properties. In this study, different PTFE 
dispersions for preparation of polytetrafluoroethylene mesoporous active membranes doped by basalt and 
carbon particles which were created in high voltage electrostatic field has been studied. The adjusting of 
process parameters of common electrospinning system (Nanospider) for preparation of membranes with 
tunable porosity created by nanofibrous assembly (electrospinning) and interconnected particles 
(electrospraying) has also been investigated. The nanoparticles based on milled basalt and carbon was used 
for activation and achieving of special effects. Superhydrophobic Polytetrafluoroethylene (PTFE) microporous 
membranes with different surface structures were obtained by controlling operating parameters in the 
electrospinning process. The diameters and microstructure of the PTFE microporous membrane were 
characterized by scanning electron microscopy. The contact angles on the microporous membranes were 
evaluated by static micro-drop observation, and a modified Yang equation was applied to analyze the contact 
angles. The superhydrophobic PTFE microporous membranes were also tested for thermal properties. As a 
result of this study, optimized PTFE blend solutions were identified. The results also revealed that the specific 
surface area was the key factor affecting the contact angles. The thermal properties revealed that thermal 
conductivity was higher and thermal resistance was lower for carbon and basalt doped membranes. 

Keywords: Teflon, hydrophobic, electrospraying, microporous membrane  

1. INTRODUCTION 

Polytetrafluoroethylene (PTFE) which is also called Teflon is a synthetic fluoropolymer of tetrafluoroethylene 
that has numerous applications. The major application of PTFE is due to the fact that PTFE has excellent 
dielectric property [1]. It can be stretched to contain small pores of varying sizes and is then placed between 
fabric layers to make a waterproof, breathable fabric in outdoor apparel [2]. It is used widely as a fabric 
protector to repel stains on formal school-wear, like uniform blazers [3]. It is also used as a film interface patch 
for sports and medical applications, featuring a pressure-sensitive adhesive backing, which is installed in 
strategic high friction areas of footwear, insoles, ankle-foot orthosis, and other medical devices to prevent and 
relieve friction-induced blisters, calluses and foot ulceration [4]. Electrospinning has been established as a 
simple and effective method to produce polymer fibers with diameters at nanometer or submicron scale. 
Continuous fibers can be collected in the form of nonwoven fibrous membranes or as aligned yarns [6]. 
Nanofibers prepared by electrospinning have many superior properties, such as good pore structure and high 
surface porosity [6, 7].  Recently, several research groups have proved that the surface energy of materials 
was closely related to the surface properties, especially surface roughness [8], which presented a new way to 
control material surface wettability. Many theoretical researches on electrospinning process have been done 
by many teams and groups [9-11]. At the end of the 1500s, Sir William Gilbert explained the behavior of 
electrostatic and magnetic emanation. He found that by affecting the water droplet by electrostatic field, the 
water gets cone and hopper shape, and a droplet extrudes from the head of the hopper. This formed  
the first process of electro-spraying. Electrospinning can be viewed as a kind of electro-spraying. As with 
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electrospraying, the raw material of electrospinning is linked to a high-voltage power supply to enhance the 
liquid electrostatic potential [12]. The parameter that has affected morphology, structure, physical and chemical 
properties of electrospinning fibers is the distance between nozzle and collector. It has the direct effect on final 
fiber properties based on evaporation rate, deposition time and inconsistency interval. The studies show that 
by decreasing the distance between nozzle and collector, we have wet electrospinning fiber which has beaded 
structure. Also in some fibers the morphology of final fibers has changed from circular shape to flat shape [13]. 
On the other hand, the study shows that for aqueous polymer dispersion, more distance is needed to dry the 
fiber [14]. 

In this study, optimization of PTFE blend solution was carried out. The surface energy of microporous PTFE 
membranes was investigated by static contact angle measurements. The effect of the fibrous structures on 
the contact angle of microporous membranes was analyzed. The thermal properties of the samples were also 
evaluated and statistically analyzed. 

2. METHODOLOGY 

Materials 

Polytetrafluoroethylene (PTFE) was used as-received without further purification. The PTFE microporous 
membranes were prepared based on various compositions of PTFE, organic salt Tetraethylammonium 
bromide (TEAB), water, surfactant and doping of carbon/basalt nanofibers. The detailed description of the 
samples is shown in Table 1. 

Table 1 Description of samples 

Sample No. Sample Description 

S002 PTFE +TEAB without water 

S003 PTFE +TEAB+Carbon without water 

S004 PTFE +TEAB+Basalt without water 

S005 PTFE +TEAB+Carbon with water 

S006 PTFE +TEAB with water 

S007 PTFE +TEAB+Basalt+ with water 

Methods 

Electrostatic spinning is a method of producing superfine fibers with diameters ranging from 10 µm down to 10 
nm by forcing a polymer melt or a solution through a spinneret by electric field and subsequently drawing the 
resulting filaments as they solidify or coagulate [19, 20]. Electrospinning exerts voltage on polymer solution to 
get nanofiber which is different from traditional methods. At the beginning, the polymer solution or melt bring 
thousands of high voltage. The charged droplet in the capillary was accelerated under the force of electrostatic 
force. When the electric force is large enough, the droplet can overcome surface tension to formation of a thin 
stream. Due to solvent evaporation in the electric field, nanofibers which are like non-woven mats are collected 
in the receiver [21].  

Polymer concentration plays a major role in the electrospinning process. Under the same electrospinning 
conditions, an increasing polymer concentration usually increases the diameter of the electrospun fibers. 
However, Deitzel et al. found that there is often a nonlinear relationship between the solution concentration 
and fiber diameter [22].The reason for this nonlinear relationship can be attributed to the nonlinear relationship 
between the polymer concentration and solution viscosity [23]. 
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Electrospraying (electrohydrodynamic spraying) is a method of liquid atomization by means of electrical forces. 
In electrospraying, the liquid at the outlet of a nozzle is subjected to an electrical shear stress by maintaining 
the nozzle at high electric potential [24]. The advantage of electrospraying is that droplets can be extremely 
small, in special cases down to nanometers, and the charge and size of the droplets can be controlled to some 
extent by electrical means, i.e., by adjusting the flow rate and voltage applied to the nozzle. Due to its 
properties, electrospraying is considered as an effective route to nanotechnology. The paper considers the 
latest achievements in micro and nano thin-film production, including self-assembled nanostructures, in solid 
nano-particle generation, and in the formation of micro- and nanocapsules. 

 

Figure 1 Rotating roller electrode, Single wire electrode and Rotating wire electrode (from left to right) 

“Nanospider” instrument was used to spin the membranes by electrospraying. The Nanospider electrodes 
which have been developed through last ten years of optimization can give big portfolio for electrospraying as 
well. Three different electrodes were used to spin the membranes out of which the rotating wire electrode was 
suitable for preparing the membranes by electrospraying. Since Polytetrafluoroethylene (PTFE) was insoluble 
in water, it was introduced in “particle” form in the solution. The solution prepared was optimized with the 
change in concentration of the solution, PTFE composition, organic salt, surfactant, carbon/basalt doping, 
relative humidity, conditional temperature, distance of the electrodes and substrate speed. The prepared 
solution was taken in the bath and electrosprayed by using rotating wire electrode. The electrosprayed particles 
were collected in the polyprolylene spun bond nonwoven fabric. The details of spinning parameters are shown 
in Table 2. 

Table 2 Spinning parameters 

Sample No. 
Substrate 

speed 
(mm/min) 

Voltage 
(kV) 

Speed of  
electrode 
(ot/min) 

In Tent Air 

S002 static -10/30 5 43.1%/22.3°C 43.3%/22.5°C 48.2%/22°C 

S003 static -10/30 5 44%/22.7°C 48%/23.3°C 50.1%/23.1°C 

S004 static -10/30 5 42%/23.4°C 47%/22.7°C 50%/22.1°C 

S005 static -10/30 5 41.4%/22.6°C 47.7%/22.6°C 51.1%/22.4°C 

S006 15 -10/30 5 43.3%/22.4°C 48.9%/22.5°C 49.9%/22.5°C 

S007 static -10/30 6 40.8%/22.9°C 45.8%/23°C 50.1%/22.3°C 

The microporous membranes with different concentrations were characterized using SEM (VEGA TESCAN 
Inc. USA) at 30 kV. The contact angle was measured on a See System E is a portable computer-based 
instrument for contact angle measurement and surface energy determination. Deionized water was dropped 
onto the sample from a needle on a micro syringe (5 µl) during the test. A picture of the drop was taken a few 
seconds after the drop set onto the sample. The contact angles could be calculated by analyzing the shape of 
the drop. For thermal measurements, Alambeta was used. All results were statistically analyzed. 
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3. RESULTS AND DISCUSSION 

Analysis of Microstructures 

SEM images of PTFE membranes with different compositions are shown in Figure 2. The electrospinning 
parameters have a strong influence on fiber morphology. The concentration of the polymer solution and the 
spinning voltage were found to be especially significant. In this study, the effects of concentration and spinning 
voltage on fiber morphology for PTFE microporous membrane with different blend ratio were observed. 

 

Figure 2 SEM images of PTFE membranes 

Electrospraying influences the microstructure of the microporous membrane where the technique utilizes the 
electrical forces for liquid atomization [25]. Droplets obtained by this method are highly charged. The 
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advantage of electrospraying is that the droplets can be extremely small (tens nanometers), and the charge 
and size of the droplets can be controlled to some extent by electrical means. Motion of the charged droplets 
can be controlled by electric field. The deposition efficiency of the charged spray on an object is usually higher 
than that for uncharged droplets. The membrane morphologies can be categorized into two main groups: 
dense and porous. The dense layer can be amorphous, crystalline (of different structures) or amorphous with 
incorporated particles (intrusions). The porous layer can be reticular, grainy, or fractal like. The membrane 
morphology depends, on the temperature, the solvent used for spraying, voltage, physical properties of liquid 
phase (emulsion, dispersion, solution, density and surface tension), distance of collector from source, doping 
agents and the time of solvent evaporation [26]. 

It can be seen that the viscosity of the solution and the spinnability increased with the increase of concentration 
of the solution, which is consistent with other published results [27-30]. When the concentration of the polymer 
solution is lower, the fibers tend to form beadlike structures. The change in fiber diameter cane attributed to 
the presence of surfactant in the PTFE emulsion. The existence of surfactant in the solution tends to increase 
the solution conductivity and decrease the surface tension, thus facilitating the formation of finer fibers [31].  

Since surfactant is a part of the PTFE emulsion, the surfactant content changes with solution concentration. 
At higher concentration, the effect of surfactant tends to be stable, whereas polymer concentration remains as 
the main influencing factor on fiber diameter, with fiber diameter increasing rapidly as polymer concentration 
increases. The membranes S002, S003 and S004 had dispersion of 60% concentration (original solution) with 
the range of different relative humidity. Lowering moisture leads to a slightly larger deposit (higher coverage), 
but the difference is not substantial.  

The membranes S005, S006 and S007 had dispersion of 50% concentration (diluted with water) with the range 
of different relative humidity. The samples S003, S004, S005 and S007 were spun with carbon and basalt 
nanofibers. The output range of relative humidity i.e., the decreasing RH leads to a bit higher surface layer, 
and the difference between 25% a 10% RH is negligible. Diluting the solution does not bring visible change in 
process or change in surface layer.  

Contact Angle Analysis 

The results of the static contact angle measurements are shown in Figure 3. It clearly reveals that the contact 
angles of all the microporous membranes are over 90o. The image in Figure 3 presents a water droplet formed 
on the PTFE microporous membrane electrospun at 10 to 30 kV. The contact angle increases to 143.2o when 
the voltage for the electrospinning increases to 30 KV, as illustrated in Figure 3(c). The high contact angle in 
the image clearly reveals the superhydrophobic behavior of the microporous membrane. The curve in  
Figure 3 indicates that the contact angle increases with the specific surface area formed by different voltages. 
It also, indicates the contact angle for three different wash times (2 mins, 4 mins and 6 mins). 2 mins wash 
time showed a better contact angle than the 4 and 6 mins wash time. This phenomenon can be interpreted in 
terms of the Young equation and its modification. 

 
(a) 

 
(b) 

 
(c) 

Figure 3 Contact angles of the samples (a) 125.7o (b) 135.3o (c) 143.2o 
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Figure 4 Contact angle of PTFE microporous membranes 

The Young equation is the common model to describe the contact angle on a surface: 

 (1) 

Where h is the contact angle, and ,  and  are surface energies for liquid-vapor, vapor-solid, and 
solid-liquid interfaces, respectively. Most practical surfaces, however, are rough and heterogeneous to some 
extent. Accordingly, different modifications of the Young equation have been proposed to apply to rough 
surfaces [32, 33]. In this study, it is assumed that all of the nanofibers under the water drop have contact with 
the water. A roughness factor r is the relation between the real area and the projected area. The model of 
contact angle for microporous membrane is shown in Figure 4. Thus, the contact angle of a microporous 
membrane can be denoted by: 

 (2) 

The increase in contact angle with voltage is attributed to the change in roughness factor r, as described by 
Equation (2). Roughness, however, is so complicated that it is difficult to develop a general method for 
roughness measurement. 

 (3) 

 (4) 

Where Sr is the real surface area of microporous membrane, Sp is the projected area, B is the specific surface 
area, and m represents the mass of a membrane. For a given microporous membrane, the mass m and 
projected area Sp are constant and can be easily measured. Consequently, the modified Young Equation (2) 
can be derived: 

 (5) 

It can be seen from Equation (5) that the contact angle, h0, of the membrane depends on the ideal contact 
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angle, h, and surface roughness, and the specific surface area plays an important role in the material’s contact 
angle. Larger specific surface area leads to higher contact angles. 

 

Figure 5 Thermal conductivity of the microporous membranes 

 
Figure 6 Thermal resistance of the microporous membranes 

Figure 5 and 6 contains the thermal properties of the samples. We can see from the Figure 5 that S002 has 
the lowest thermal conductivity and S005 has the highest thermal conductivity. The thermal conductivity of the 
carbon doped membrane (S005) is higher than other membranes. From the Figure 6, it can be seen that the 
membrane S006 has highest thermal resistance than other membranes. The thermal resistance of the 
membrane S006 is higher due to the higher thickness and also it can be seen from the sample description 
(Table 1) that the membrane is diluted with water and concentration is reduced to 50%. This can also attribute 
to the higher thermal resistance of the membrane. Compared to other membranes, carbon and basalt doped 
membranes have higher thermal conductivity and lower resistance. .  

4. CONCLUSION 
PTFE microporous membranes were electrospun by optimizing the concentration and processing parameters. 
By adjusting the process parameters of common electrospinning system, preparation of membranes with 
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tunable porosity was prepared by nanofibrous assembly and interconnected particles (electrospraying). The 
surface structures, diameters, and specific surface areas of the electrospun nanofibers were successfully 
controlled by altering the electrostatic voltage. SEM observations revealed that when the concentration of the 
polymer solution was lower, the fibers tend to form beadlike structure and also the change in fiber diameter 
was attributed to the presence of surfactant. The experimental results also proved that the static force applied 
on the jet might be the key factor affecting the surface structure, as well as the specific surface area. It was 
concluded by the analysis of the modified the Young equation that specific surface area played the most 
important role in contact angles of the microporous membrane. The larger specific surface areas resulted in 
high contact angles. The thermal properties results reveal that thermal conductivity was higher and thermal 
resistance was lower for carbon and basalt doped membranes as compared to other membranes. 
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Abstract 

The 1H Nuclear Magnetic Resonance Relaxometry has been used for studying properties of various porous 
materials. T1 and T2 relaxation times in such systems are influenced by the molecule confinement and T1/T2 
ratio can reflect an interaction strength between an adsorbate molecules and an adsorbent surface. In this 
paper 1D relaxation times distributions and 2D T1-T2 maps from NMR measurements at magnetic field of 0.05 
T are shown. Two mesoporous silica materials: MCM-41 and SBA-15 are studied at different water saturation 
states. Signals from hydroxyl groups, water confined in pores and bulk water are distinguished. Higher T1/T2 
is measured for SBA-15 than for MCM-41 and the increase of T1/T2 ratio for the samples with lower amount of 
water is observed. Relaxation parameters for other porous systems such as exemplary geological samples in 
different saturation states and for biological samples are also compared. 

Keywords: Low field NMR, MCM-41, SBA-15, porous materials, T1/T2 ratio 

1. INTRODUCTION  

The 1H Nuclear Magnetic Resonance Relaxometry has been applied to characterize various porous materials. 
Among them mesoporous silica gels, zeolites, cements, biological samples and rock samples can be 
mentioned [1-6]. The main concept of these measurements is based on the differences in relaxation times for 
molecules confined in porous spaces in comparison to bulk liquid. Relaxation times for molecules situated 
close to a pore surface are shorter due to the interactions with a solid surface. In the case of fast diffusion all 
protons can interact with the surface within the time of the experiment and measured relaxation time depends 
on the fraction of bulk molecules fb and those near the surface, fS as follows: 

1
T i

=
f b

T i ,b
+

f S

T i , S , 

where Ti,b and Ti,S are spin-lattice (T1) or spin-spin (T2) relaxation times of these two fractions.  

The aim of this work was to characterize pure silica mesoporous materials, MCM-41 and SBA-15, at low 
magnetic field and using short echo time for wider range of saturation states than in earlier report [2]. T1/T2 
ratio of log-mean values from 1D distributions for the samples with different water content are compared. 2D 
T1-T2 maps for chosen saturation states are shown. Additionally values of T1/T2 ratio from different water 
environments at exemplary geological and biological samples are discussed.  

2. MATERIALS AND METHODS 

Pure mesoporous silica materials, MCM-41 and SBA-15, were obtained from Sigma Aldrich and ACS Material, 
respectively. 0.9902 mg of MCM-41 and 1.0003 mg of SBA were weighted with the analytical balance 
(Radwag) with the accuracy of ± 0.1 mg. Mean diameters specified by the manufacturers ranged from 2.1 to 
2.7 for MCM-41 and 7 - 10 nm for SBA-15. The samples were put into glass containers and filled with 6.97 and 
8.86 g of demineralized water, respectively, they were dried in vacuum conditions at 80 ºC for at least 0.5 h at 
several repetitive steps. The amount of water in the samples was monitored after each step of drying. Hence, 
filling factor f = VH20/(Vintra+Vinter) was calculated, equal to the amount of the water in the sample to the total 
pores volume. Total pores volume was treated as a sum of volume of mesopores within silica particles (Vintra) 
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and porous spaces between particles (Vinter). Additionally, ratio of water volume to total mesopores volume 
(fmeso=VH20/Vintra) was also estimated.  

Shale sample was measured at dried (200 ºC) and saturated state. Drying and saturation process was obtained 
in vacuum conditions for 12 h.  

For preparing yeast cells sample fresh baker's yeasts were obtained commercially (Lallemand). 1.4 g of fresh 
yeasts was suspended in 14.1 g of demineralized water to obtain yeasts:water mass ratio of 1:10 and the 
sample was measured in a glass container. 

NMR measurements were conducted on a Magritek Rock Core Analyzer at a magnetic field of 0.05 T and echo 
time of 60 µs. T1 Inversion Recovery (IR) and T2 Carr-Purcell-Meiboom-Gill (CPMG) sequences were used. 
To obtain 1D T1 and T2 distributions Lawson&Hanson algorithm was applied. 2D T1-T2 experiments were also 
registered for chosen steps and calculated using FISTA algorithm [8]. 

2.1. MCM-41 and SBA-15 

On Figure 1 1D distributions for MCM-41 and SBA-15 are presented for different content of water: from 
overfilled (f > 1) to partially saturated systems (f<1). T1 and T2 log-mean values are listed in Table 1. For the 
both samples the calculated log-mean values are shorter when the water content decreases. For overfilled 
samples signal from free water is also detected (except for step 1 in case of  SBA-15, for which free water is 
distinguished on T2 but not on T1 distribution).  

Table 1 Relaxation times and water content for MCM-41 and SBA-15 

Step Results for MCM-41 Results for SBA-15 

mH20 [g] VH20/(Vintra+Vint

er)  
T1 log-mean 

[ms] 
T2 log-mean 

[ms] 
mH20 [g] VH20/(Vintra+

Vinter)  
T1 log-mean 

[ms] 
T2 log-mean 

[ms] 

1 6.97 1.73 160.3* 46.40* 8.86 1.41 2724.97 73.94* 

2 5.59 1.39 161.2* 43.87* 5.76 0.92 2570.79 62.33 

3 4.99 1.24 143.6* 41.70* 3.22 0.51 1857.96 32.60 

4 3.89 0.97 128.2 28.97 2.64 0.42 1686.56 26.16 

5 2.68 0.67 83.67 15.93 1.57 0.25 1310.34 15.28 

6 1.77 0.44 61.56 10.30 0.71 0.11 689.22 6.85 

7 1.06 0.26 35.93 5.55 0.55 0.088 663.24 6.19** 

8 0.91 0.23 31.38 4.87 0.39 0.062 500.34 5.08** 

9 0.81 0.20 25.58 3.90 0.19 0.030 333.13** 3.25** 

10 0.65 0.16 24.74 3.52 0.08 0.013 204.908** 2.42** 

11 0.510 0.13 21.35 3.12 0.014 0.0022 155.22** 2.21** 

12 0.330 0.082 15.76 2.50** 0.007 0.0011 155.22** 1.70** 

13 0.170 0.042 10.35** 1.43**     

14 0.052 0.013 3.18** 0.82**     

* - the signal from free water was not included into calculations; 

** - T1 and T2 for the peak from water adsorbed on the pore surface (peak from OH groups, with T1 ~ 20-30 ms and T2 ~ 0.05 ms) were 
not taken into account. 

For the MCM-41 sample three first measurements are conducted on the overfilled system, for which free water 
is measured. Signal with relaxation times shorter than 1 s is related with the water confined in intra- and 
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extraparticle spaces. For T2 distribution these 2 peaks are registered while for T1 signal at 33.7 ms (for f=1.73) 
is also detected. In [2] origin of this peak was discussed as a signal from water adsorbed on the surfaces of 
mesoporous silica particles. Step 8 for fmeso=0.94 corresponds to the mesoporous silica with the mesopores 
almost completely filled with water and empty extraparticle spaces. For this measurement T1 and T2 log-mean 
values for mesoporous spaces are equal to 31.4 and 4.9 ms. For comparison, the interpolated T1 of 25.6 and 
T2 of 5.8 ms were reported in [2]. Estimation based on N2 adsorption reported for the MCM-41 sample in our 
earlier study led to the conclusion that for fmeso close to 0.286 only one monolayer of water remains on 
mesopores, with the assumption that water evaporates radially from the center towards the pores walls [2]. 
Step 12 for MCM-41 may be therefore treated as the system with dominating surface water at T1 of 13.7 and 
T2 of 2.9 ms. Values of T1 and T2 for surface water, corresponding to the fmeso=0.286 were equal to 9 an 1.3 
ms, respectively.  

 
Figure 1 T1 and T2 relaxation times distributions for MCM-41 and SBA-15. Values of filling factors 

f=VH20/(Vintra+Vinter) and fmeso=VH20/Vintra are shown. For fmeso close to 1 water fills only mesopores within 
particles, for fmeso close to 0.286 for MCM-41 and 0.184 for SBA water adsorbed on pores surface remains 
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For the SBA-15 sample free water is distinguished only on T2 distribution for the first measurement with f=1.41. 
On T1 distribution only one peak is observed. In comparison to MCM-41 for measurements 1 - 6 only one 
narrow peak from porous spaces is observed. Step 6 for fmeso=0.82 is the closest to the system with filled 
mesopores and empty extraparticle spaces with log-mean values: T1 of 689.2 ms and T2 of 6.9 ms. Interpolated 
T1 and T2 for SBA-15 in [2] were equal to 678.3 and 8.6 ms. For step 9 surface water dominates with a 
maximum at T1 of 333 ms and T2 of 3.65 ms. For fmeso=0.184 one monolayer of water remains. Relaxation 
times for surface water, corresponding to this filling factor were interpolated from the last four measurements 
and was equal to 296 and 3.0 ms for T1 and T2, respectively.   

For the both samples the measurements with the residual amount of water signal allow to register a signal 
from hydroxyl groups with maksimum of T2 shorter or equal to 0.1 and T1 in the range of 20-30 ms.   

On Figure 2 T1, T2 and T1/T2 for log-mean values are presented. At each saturation state longer relaxation 
times and higher T1/T2 values are measured for the SBA-15 sample. Comparing these relations for the 
relaxation times, the difference is more pronounced for T1.   

The parameter T1/T2 was proposed to be a direct and insensitive to pore geometry indicator of an adsorbate-
adsorbent interaction strength. D'Agostino et al correlated it with the maximum energy of desorption for several 
oxide samples [4]. In ref. 3 and 7 it was used to distinguish a signal from different proton populations. Hence, 
higher T1/T2 values for SBA-15 indicates stronger interaction between water molecules and pores surface than 
for MCM-41. This observation was also confirmed in the earlier reports from NMR relaxometry [2] and 
spectroscopy studies [7]. For the both samples T1/T2 increases as the content of water decreases. For SBA-
15 sample at low water saturation states a decrease of T1/T2 value is observed, however for this low amount 
of water higher uncertainty of T1 and T2 calculation using ILT algorithm can not be excluded. 

 
Figure 2 T1, T2 and T1/T2 log-mean values for the MCM-41 and SBA-15 samples with different water content 

2.2. T1/T2 ratio for exemplary geological samples 

On Figure 3A and B T1-T2 map for dried and saturated state for shale sample is presented. For saturated 
sample peaks with T1/T2 close to 1 and T2 of 13.6 and 111 ms represents bimodal pores distribution, while 
signal with shorter T2 of 0.4 ms and slightly higher T1/T2 ~ 1.8 more restricted water fraction. For dried sample 
this signal is characterized by higher T1/T2 ratio equal to 10.4. For this sample signal from water adsorbed on 
the pore surfaces is also affected by the hydroxyl groups, which is visible as the peak elongation towards 
longer T1 relaxation times [3,6].  
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2.3. T1/T2 ratio for yeast cell samples 

On T1-T2 map for yeast cells sample (Figure 3C) two peaks are measured: dominating signal with T2 at 720 
ms and  T1/T2 ~1.1 and lower signal with T2 of 40 ms and T1/T2 close to 4.5. This two peaks correspond to 
different water environments within the yeast sample. As for other porous systems the signal from the free 
water is located near T1/T2 ~1, while the signal from the restricted water has higher T1/T2 values. In the case 
of cell samples signal of confined water originates from intercellular spaces. 

Figure 3 T1-T2 maps for A) dried and B) saturated shale sample, C) yeast cells sample 

3. CONCLUSION 

In the presented studies pure mesoporous silica materials, MCM-41 and SBA-15, were characterized from 
overfilled to partially saturated states. Changes of T1 and T2 distributions are shown and particular peaks are 
interpreted as originating from different fractions: free water, restricted water in pore spaces and surface water. 
Signal from hydroxyl groups is also measured for the sample with the residual amount of water.  

Higher T1/T2 of log-mean values are registered for SBA-15 than for MCM-41 and generally the increase of 
T1/T2 ratio for the samples with lower amount of water is observed. T1/T2 ratio for other porous systems such 
as exemplary geological samples in different saturation states and for biological sample are also compared. 
For these samples signal from bulk water is characterized by T1/T2 ~ 1, while for the water in restriction higher 
values are registered. 
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Abstract  

The crystallinity of fibres prepared by electrospinning shows lower level in comparison with samples processed 
by common technologies such as moulding or film casting. Thus, the attempts to improve the structure of 
electrospun fibres in order to increase physical and mechanical properties of nonwoven webs are obvious. 
Post-process thermal treatment is one of the possibilities of the crystallinity enhancement that can be easily 
included to the finishing operation of final products. For the experiment we used poly(ethylene oxide) 
representing electrospun-friendly material and two solvents - methanol and water, both ensuring good 
electrospinnability. It is demonstrated that a choice of polymer solvents plays a significant role in fibre diameter 
and their capabilities to resist applied heat. However, in all cases the enhancement of crystallinity is detected 
at the short time of thermal exposure. 

Keywords: PEO nanofibres, degree of crystallinity, electrospinning 

1. INTRODUCTION 

Poly(ethylene oxide) (PEO) is a nontoxic water soluble, highly crystalline polymer with glass transition 
temperature around -50 °C which assures the extensive chain flexibility [1]. Electrospinning of PEO solutions 
at room temperature was widely studied in recent years resulting in many research works describing PEO 
nonwoven webs with various fibres size and molecular orientation depending on the chosen processing 
parameters [2, 3], solvents [4] and solutions properties [5]. 

Generally, the crystallinity and molecular orientation of electrospun fibres is compared to samples prepared by 
common processing technologies (moulding or film casting) much lower [6]. Macroscopic alignment of fibres 
was already reached either by rotating mandrel collector [1] or by counter electrode plates integration [7, 8]. 
However, macroscopic alignment is not always connected with the orientation on microscopic level and the 
degree of crystallinity remains almost the same. The structure formation during the electrospinning process is 
indeed a complex issue. Among the most critical parameters affecting the crystallization process belong the 
degree of chain orientation/relaxation and the rate of solvent evaporation [9]. 

Post-processed thermal treatment seems to be the technique that can lead to the both evaporation of residual 
solvent and the crystalline phase increase [10]. For this phenomenon is typical the reduction in interlamellar 
distance which is also known as lamellar thickening. However, an amorphous and crystalline phase 
rearrangement can be accompanied with thermooxidation process in the solid state [11]. Compared to pure 
hydrocarbon polymers (like poly(ethylene) and poly(propylene)) PEO is more sensitive towards thermal 
oxidation [12]. In this context, scission of the chains during this process also induces the morphological 
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changes that can be reflected in overall crystallinity degree. Thus, the proper temperature-time condition for 
post-process thermal treatment should be established. 

2. EXPERIMENTAL 

2.1. Material 

Poly(ethylene oxide) (PEO), Mw = 300,000 g/mol was purchased from Sigma Aldrich (USA). Polymer was 
dissolved in distilled water and methanol at 9 wt.%. PEO solutions were prepared using a magnetic stirrer 
(Heidolph MR Hei-Tec, Germany) with the help of a (teflon-coated) magnetic cross. The stirrer was used for 
48 hours with mixing rate 250 rpm at 25 °C in water solution and 35 °C in methanol solution. 

2.2. Electrospinning 

The nanofibrous webs were created by the laboratory device consisted of a high voltage power supply 
(Spellman SL70PN150, USA), a carbon steel stick of a diameter of 10 mm with a drop of polymer solution (0.2 
ml), and a motionless flat metal collector. The electrospinning process was carried out at a voltage of 25 kV 
with the tip-to-collector distance fixed at 200mm at ambient conditions at 20 ± 1 °C with a relative humidity of 
38 ± 3 %. 

2.3. Thermal treatment of the nanofibrous web 

In order to avoid any structural transformations of prepared samples, electrospun webs were immediately after 
electrospinning process cooled down to -75°C (significantly lower than Tg of PEO at -54 °C) and stored at this 
temperature for further experiments. Then, the PEO nanofibrous webs were exposed to thermal treatment at 
the temperature of 60 °C for a specified period of time. The induced structural changes were simultaneously 
measured by wide-angle X-ray diffraction. 

2.4. Characterization of the nanofibrous web 

Characteristics of the nanofibrous webs were evaluated using a Vega 3 high resolution scanning electron 
microscope (Tescan, Czech Republic). A conductive coating layer was applied before imaging. For a 
determination of the mean fibre diameter, the Adobe Creative Suite software was used 300 measurements 
were done at 3 different images. 

Crystallinity of prepared samples was characterized by wide-angle X-ray diffraction (WAXD). Diffractograms 
were recorded on Philips diffractometer (XPertPRO, Netherlands) equipped with hot stage. Measurements 
were done in reflection mode in the 2θ range of 10 - 35° with nominal resolution of 0.03° at selected 
temperatures and quasi-logarithmic sampling frequency. 

3. RESULTS AND DISCUSSION 

The diameter of nanofibres depends on various factors: (i) polymer characteristics (molecular weight and 
topology of polymer macromolecules), (ii) solvent characteristics (vapour pressure, surface tension, viscosity), 
(iii) solution properties (concentration, viscosity and elasticity of solution), and (iv) electrospinning parameters 
(electric field strength, tip-to-collector distance, temperature and humidity). For both the water and the 
methanol solution, identical PEO and process parameters were used. 

Figure 1 shows the micrographs of the pristine electrospun fibres and fibres upon 4-hours treatment at the 
temperature of 60 °C. As can be seen, the initial smooth surface and diameter of fibres are rather intact upon 
the thermal treatment in given time interval. However, the finer fibres resulting from water solution tend to 
surface roughening, breaking and re-joining. This indicates thermodynamic instability of the fibres. Surface 
roughening can be even ascribed to the process so-called chemi-crystallization. This phenomenon has been 
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already described and explained for several polymers and is connected with chain scission in surface layer. 
Released macromolecular segments can then be incorporated into already existed crystallites, which result in 
surface shrinkage and cracking, especially at the lammelae borders. 

 
Figure 1 The temperature effect on the morphology of fibres created from PEO solutions 

Since the structure of thermal-treated nanofibrous webs consist of well-identified separated fibres, it enables 
to perform image analysis and calculate fibre diameters. Table 1 shows the influence of used solvent on 
resulting fibre diameters and the effect of 4-hours treatment at 60 °C. As can be seen, fibres electrospun from 
methanol solution exhibit significantly larger diameter. Thus, in this case, the main parameter controlling the 
fibre thickness is the evaporation kinetics of a given solvent represented by vapour pressure; ejected jets from 
Taylor cone can be drawn in electric field until the evaporation of solvent and fibre solidification. Moreover, the 
diameter variation after 4-hours treatment at the temperature of 60 °C is statistically insignificant. In other 
words it means that no extensive shrinkage of oriented amorphous portion occurred. Although electrospun 
fibres exhibit generally high amount of amorphous phase [1, 6, 7] in the given experiment, the level of 
crystallinity is sufficiently high to stabilize nanofibrous webs dimensionally. 

Table 1 Average diameter of fibres immediately after electrospinning process (at 20 °C) and after thermal  
              treatment at 60 °C  

Solvent Diameter of pristine 
fibres [nm] 

Standard deviation 
[nm] 

Diameter of thermal 
treated fibres [nm] 

Standard deviation 
[nm] 

Water 234 32 303 79 

Methanol 768 140 858 73 

Crystallinity development in nanofibres upon thermal treatment can be non-destructively studied by wide-angle 
X-ray diffraction. Typical X-ray pattern is shown in Figure 2. Sharp reflections in a diffractogram correspond 
to PEO crystallites. On the other hand, wide diffused halo is an evidence of amorphous phase. For precise 
determination of crystallinity, the diffractograms was resolved into separated crystalline peaks and amorphous 
halo. 
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Figure 2 Difractogram of nanofibrous PEO sample resolved into crystalline peaks and amorphous halo 

While crystalline peaks can be unambiguously identified, the maximum of amorphous halo varies with 
temperature and need to be experimentally assessed. For these purposes, X-ray patterns were measured in 
melt state at various temperatures and the maximum of individual amorphous halo at given temperature was 
assessed. In Figure 3, position of maximum of amorphous halo as a function of temperature is shown. It can 
be seen that under given experimental conditions, the maximum of amorphous halo is a linear function of 
temperature. Then, the maximum position can be extrapolated to solid state, i.e. into the temperatures below 
60 °C, and the diffractogram can be successfully resolved into individual crystalline peaks and amorphous 
halo. 

 
Figure 3 Position of amorphous halo as a function of temperature of melted PEO 
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As shown in Figure 2, each crystalline peak and amorphous halo is fitted by individual Gauss function and the 
number of fitted peaks within the X-ray pattern was kept for all the diffractograms under study. Then, the 
crystallinity of the samples was calculated as a ratio between the sum of crystalline peak areas and the area 
of the whole X-ray pattern and plotted in time of thermal treatment (see Figure 4). 

It was already described [13] that rapid uniaxial stretching of polymer during the electrospinning process 
hinders the development of crystalline structure in fibres. Thus fibres with smaller diameter show generally 
lower level of crystalline content. Indeed in Figure 4, an increase in crystallinity with increasing fibre diameter 
is observed from comparison of fibres from methanol (approx. 800 nm) and water (approx. 250 nm) solution. 
It is also obvious that in both cases the crystallinity increases in given period of time. In the case of fibres 
prepared from methanol solution the crystallinity rose by another 12 per cent. Fibres prepared from the water 
solution showed slightly lower crystalline content increase (by 10 per cent). Nevertheless, the largest structural 
rearrangement occurs within the first hour of thermal treatment, representing the fundamental step from 
application point of view. 

 
Figure 4 The crystallinity evolution upon 4-hours thermal treatment at 60 °C  

4. CONCLUSION 

The PEO nanofibres prepared by electrospinning process from methanol and water solution were analyzed 
and compared. Then, post-process thermal treatment was applied in order to increase their crystallinity 
content. It was shown that the resulting diameter of electrospun PEO nanofibres depends on the solvent used. 
The finer fibres from water solution possess lower crystallinity and, as a consequence, are seen to be less 
thermodynamically stable. Nevertheless, in both cases the crystallinity increases upon the 4-hour thermal 
treatment. The most pronounced structural changes proceeds within the first hour of thermal treatment. 
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Abstract  

The stability of plasma polymer matrix with functional metal fraction was investigated by UV/VIS and SEM 
techniques in this study. Compared are properties of Ag/plasma polymer nanocomposites where magnetron 
sputtered PTFE and nylon 6,6 serve as plasma polymer matrix. Silver was immersed into the matrix by two 
different ways: (i) in the form of nanoislands, formed by diffusive coagulation of deposited Ag atoms onto the 
plasma polymer, and (ii) by directly deposited Ag particles of size about of 11 nm grown in a gas aggregation 
cluster source. The Ag nanoislands or Ag nanoparticles were sandwiched in between plasma polymer layers 
with the top layer thickness that varied in the range 5-20 nm. Stability of prepared nanocomposites on air, in 
water and at elevated temperatures is investigated and compared in dependence on the matrix material as 
well as in dependence on the form of Ag nanoinclusions.  

Keywords: Nanoparticles, plasma polymers, silver, nanocomposites, stability 

1. INTRODUCTION  

Silver nanoparticles (NPs) are due to their optical, electrical or bioactive characteristics used in impressive 
range of applications that span from highly sensitive biodetection (e.g. [1-4]), energy harvesting [5,6], 
antimicrobial protection [7-9], or are used as components of high-voltage, direct current electric power 
transmission systems [10] to mention some examples. Because of this, numerous methods were developed 
that enabled production of silver nanoparticles. From this point of view increasing attention receive approaches 
based on vacuum-based technologies such as magnetron sputtering or the use of so called gas aggregation 
sources (GAS). This is due to the fact that such techniques of nanoparticles production offer certain 
advantages as compared to the methods that utilize chemical synthesis, namely relative simplicity, possibility 
to coat virtually any substrate compatible with low-pressure conditions, low environmental burden, no need of 
laborious cleaning procedures and last, but not least, possibility to combine these deposition methods with 
other low-pressure deposition techniques [11]. The later enabled controlled production of silver containing 
nanocomposites with different architectures including not only classical nanocomposites in which NPs are 
homogeneously distributed in the matrix material [12,13], but also (multi)layered coatings [14,15] or films with 
vertical or horizontal gradients of density of embedded Ag NPs [16,17], that further widened the application 
potential of silver based nanocomposites.  

As it was demonstrated in our recent work, magnetron sputtering and GAS deposition differ significantly in the 
mechanisms of formation of Ag nanoparticles [18]: whereas in the case of magnetron sputtering Ag NPs are 
created as the result of diffusive coagulation of deposited Ag atoms onto the substrate, silver nanoparticles 
are in the case of GAS created in the volume of aggregation chamber of GAS system and thus reach substrate 
in the form of beam of already formed NPs. The way in which nanoparticles are formed consequently influences 
their morphology and with it connected physico-chemical properties. In the case of magnetron sputtering the 
Ag NPs grow in the initial stages mostly laterally and thus form relatively smooth quasi 2D structures on 
substrates (such structures will be denoted in the subsequent text as nanoislands). In contrast, deposition of 
NPs created inside GAS results in much rougher nanoparticle films that are composed from individual and 
almost monodisperse NPs independently of the deposition time. However, the morphology is not the only 
parameter that influences applicability of produced silver nanoislands and nanoparticles. Similarly or in some 
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cases even more important is the stability of their properties: silver nanoparticles and their nanocomposites 
have often to be exposed to aqueous environment (e.g. in the case of biodetection or when used as 
antibacterial coatings) or higher temperature (e.g. during sterilization or under exposure to intense light) that 
can strongly modify their properties and thus also their functionality. Nevertheless, the systematic studies 
focused on stability of Ag based nanocomposites are still relatively sparse. In order to fill this experimental gap 
the properties and stability of bare Ag nanoislands and nanoparticles films or Ag nanoislands and nanoparticles 
films sandwiched between two types of plasma polymers that differ significantly in the chemical structure 
(magnetron sputtered poly(tetrafluoroethylene) and Nylon 6,6) is investigated in detail in this study.    

2. EXPERIMENTAL 

Two kinds of plasma polymers were used in this study: magnetron sputtered Nylon 6,6 (msNylon) and 
magnetron sputtered poly(tetrafluoroethylene) (msPTFE). These two plasma polymers were deposited in 
plasma reactors equipped by RF planar, water cooled magnetrons with either PTFE or Nylon 6,6 targets (81 
mm in diameter, 3 mm thick, both sourced from Goodfellow). RF magnetron was powered by Cesar RF power 
supply (Advanced Energy) through a manually operated match box MFJ-962D (MFJ Enterprises). Applied RF 
power was 40 W in the case of msPTFE deposition or 50 W in the case of nylon sputtering. The sputtering 
was performed in argon atmospheres at pressure of 1.5 Pa and the thickness of deposited films of plasma 
polymers was determined by means of spectral ellipsometry (Woollam M-2000DI).  

Silver nanoparticles and nanoislands were produced following the same techniques as described in detail in 
[18]. Here we only briefly summarize that DC nanoislands were produced by DC magnetron sputtering of Ag 
target in argon atmosphere. The pressure in the deposition chamber was 3.8 Pa, DC magnetron current was 
40 mA and the distance between sputtering target and substrates was 20 cm. In the case of Ag NPs deposition 
by gas aggregation source the pressure in the aggregation chamber was 30 Pa, magnetron current was 100 
mA and the distance between output orifice of aggregation chamber and substrate was 40 cm. In order to 
evaluate the role of the overcoat material on stability of produced Ag nanoislands and nanoparticles sequential 
deposition of base layer of plasma polymer (20 nm thick) - deposition of Ag nanoislands and nanoparticles - 
deposition of overcoat layer (thickness 5-20 nm) was performed. Morphology of coatings deposited on one-
side polished Si wafers (ON semiconductors) before and after their immersion into water was evaluated by 
scanning electron microscopy (SEM) using Tescan Mira II microscope with acceleration voltage 15 kV and 
using secondary electron detector. Optical transmittance of coatings, that were deposited on soda lime glass 
slides (Marienfeld), was determined by means of UV-Vis spectrophotometer (U-2900, Hitachi) in the spectral 
range 325-1100 nm (scan speed 400 nm/min).  

3. RESULTS 

The first step of this study was the evaluation of stability of Ag nanoislands and Ag nanoparticles on air 
(examples of SEM images are presented in Figures 1a and 1b). Due to the fact that both kinds of studied 
silver nanostructured films exhibit localized surface plasmon resonance (LSPR) peak whose intensity and 
position is very sensitive to properties of Ag nanoparticles, the ageing process was monitored by UV/Vis 
spectrophotometry. As can be seen in Figures 1c and 1d the UV/Vis spectra recorded immediately after the 
deposition and then after 1, 3 and 7 days did not indicated any significant variation of properties of produced 
coatings even without any top overlay. Similar results were obtained also for samples in which Ag nanoislands 
and nanoparticles were coated with either msNylon or msPTFE films. This suggests good temporal stability of 
both nanoislands and nanoparticle films. This is an important finding as it enables to neglect intrinsic ageing 
of Ag films and nanocomposites in the subsequent experiments focused on the evaluation of their stability in 
water and at elevated temperature. 
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Figure 1 SEM images of a) Ag nanoparticle film and b) Ag nanoisland film deposited onto msPTFE. UV/Vis 
spectra of c) Ag nanoparticle and d) Ag nanoisland film deposited onto msPTFE, as function of storage time    

 
Figure 2 SEM images of Ag nanoislands deposited onto msNylon before and after 1 day immersion in water  

The next step was study of stability of produced coatings in water in dependence on the overcoat material and 
its thickness. It was found that both Ag nanoislands and nanoparticle films deposited either on msPTFE and 
msNylon without any overcoat layer readily dissolve in water or are simply washed out. This is demonstrated 
in Figure 2, where examples of SEM images of Ag nanoislands deposited onto msPTFE acquired before 
immersion of the samples into water and after 1 day in water are compared: it can be seen that the surface 
density of Ag nanoislands is reduced (in this particular case from (4.9 ± 0.4).103 NPs/μm2 down to (1.2 ± 0.2). 
103 NPs/μm2). In addition, relatively big silver agglomerates were observed after soaking of the samples into 
water as it is evident from SEM image with bigger view filed. These agglomerates originate most likely from 
the sedimentation of dissolved silver during the drying of the samples. The changes in appearance of Ag films 
naturally resulted in pronounced alteration of their optical properties, namely in the decrease of the intensity 
of LSPR peak and its shift towards lower wavelengths (Figure 3a). This is consistent with increasing distance 
between individual Ag nanoislands or nanoparticles. This situation, e.g. dramatic change in appearance of Ag 
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nanoislands and nanoparticles after immersion into water, was also observed when they were overcoated with 
msNylon film independently of the thickness of the overcoat layer up to 20 nm, i.e. the highest thickness tested 
in this study (for example of evolution of UV/Vis spectra of Ag nanoislands films overcoated with 20 nm of 
msNylon see Figure 3b). This result is consistent with hydrophilic character of msNylon films (water contact 
angle 40o [18]) that contain polar functional groups and thus facilitates water permeation through them.  

In contrast, when Ag nanoislands or nanoparticles were covered with hydrophobic msPTFE layer (water 
contact angle 110o [18]), the influence of water on them was largely reduced (see Figures 3c and 3d). 
However, significant difference was observed between nanoisland and nanoparticle films. Whereas in the case 
of nanoislands 5 nm of msPTFE was sufficient to suppress the effect of water, at least at the time scale of 7 
days, much thicker coating was necessary to stabilize Ag nanoparticles deposited by means of GAS. This 
difference is connected with different morphologies of nanoislands and nanoparticle films: whereas 
nanoislands deposited by magnetron sputtering form quasi 2D structures that are relatively smooth (root-
mean-square roughness below 1 nm), Ag NPs deposition by GAS resulted in films with considerably higher 
root-mean-square roughness (around 32 nm). Due to the much higher vertical irregularities of such Ag NPs 
films as compared to Ag nanoislands more material is needed to fully cover all crevices and gaps in between 
them through which water can penetrate directly to Ag NPs and cause their dissolution or degradation.   

 
Figure 3 UV/Vis spectra of samples before and after immersion into water. a) Ag nanoislands deposited onto 

msPTFE, b) Ag nanoislands overcoated with 20 nm of msNylon, c) Ag nanoislands overcoated with 5 nm 
thick layer of msPTFE and d) Ag nanoparticles covered by 20 nm thick film of msPTFE 

Finally, the effect of elevated temperature on produced samples was tested. It was found that bare Ag 
nanoisland and NPs films exposed for 30 min to temperatures higher than 75oC have tendency to coalesce 
(Figure 4a). This is accompanied by narrowing of the LSPR peak (Figure 4b) and its shift to lower 
wavelengths, which indicates increasing mean inter-particle distances. This effect was found to be significantly 
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reduced when Ag films were coated with either msNylon or msPTFE. However, whereas msPTFE stabilized 
Ag films up to 100oC (Figure 4c), msNylon was found to protect silver layers up to 150oC (Figure 4d). 

 
Figure 4 a) SEM images of Ag nanoisland films before and after heating. UV/Vis spectra of heated 

nanoisland films b) without any cover layer, c) coated with 5 nm thick film of msPTFE and d) coated with 5 
nm thick film of msNylon 

4. CONCLUSION 

Stability of Ag nanoisland and nanoparticle films on air, in water and at elevated temperatures was studied in 
dependence on the presence and thickness of overcoat layer. It was found that whereas studied Ag films are 
stable on air, their morphology and optical properties are substantially altered when exposed to water or higher 
temperatures. These effects may be reduced by use of plasma polymer overcoat. However, chemical structure 
of plasma polymer plays an important role. It was demonstrated that hydrophobic msPTFE films significantly 
suppress effect of water. In contrast msNylon was found not be capable to prevent water from reaching Ag 
layer, but it offers better stabilization of Ag films exposed to heat. Finally, it was found that in general thicker 
films are needed to limit influence of water on films of Ag NPs as compared to Ag nanoisland layer. These 
results are of high importance especially from the point of view of assurance of functionality of Ag films and 
their nanocomposites, e.g. as antibacterial coatings or substrates for biodetection. 
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Abstract 

The hardmetal Cr3C2-25NiCr (180-220 m thick) coatings have been produced on a steel substrate by a new 
multi-chamber gas-dynamic accelerator. The Cr3C2-25NiCr powder (POLEMA JSC, Russia) (35-140 μm) was 
used as the starting material to deposit a dense layer. A detailed analysis of the features of the coatings 
structure on all the levels of the structure (from grain to dislocation) (phase composition, distribution of the 
disperse phase, grain nature, subgrains and dislocation structures) was conducted. The structural-phase state 
of the coatings was characterized using SEM, TEM, and XRD techniques. It was established that phase 
composition of Cr3C2-NiCr powder under the influence of high temperatures and the atmosphere of detonation 
products changes with the formation of a complex heterogeneous structural-phase state in the coatings. A 
layered structure of the regions of carbide particles and matrix metal was found in the immediate vicinity of the 
"carbide-matrix" boundary with the precipitates in the matrix of dispersed secondary carbides. It was shown 
that the nanocomposite Cr3C2-NiCr coatings are characterized by the presence of nanodispersed ceramic 
compounds. Lamellae in the coatings consisted of nanocrystalline grains, separated by interlayers of the 
amorphous phase and oxide crystalline grains. 

Keywords: Gas-dynamic accelerator, Cr3C2 - NiCr, nanocomposite coatings, microstructure, TEM 

1. INTRODUCTION 

Thermally sprayed coatings based on hard carbides embedded in a metallic matrix (Cr3C2-NiCr system) have 
been used for corrosion and wear resistant applications [1,2]. In thermal spray technology, Cr3C2-NiCr cermet 
coatings have been extensively used to mitigate abrasive and erosive wear at high temperatures up to 850°C 
[3]. Cr3C2-NiCr cermet coatings are deposited by the various thermal spray coating processes such as high 
velocity oxy fuel (HVOF), cold-spray, detonation gun spray, atmospheric plasma spraying and other [4,5]. In 
this study a new multi-chamber gas-dynamic accelerator (MCDS) was proposed to spray coatings [6-8]. It is 
considered that the properties of cermet coatings is predominately influenced by their microstructures, e.g., 
carbide particle size, carbide content and carbide distribution within the splats, and etc [9,10].The main aim of 
this contribution was to evaluate the structure of the nanocomposite Cr3C2-NiCr coatings on all the levels (from 
grain to dislocation). 

2. EXPERIMENTAL 

2.1 Materials 

The Cr3C2-25NiCr powder (POLEMA JSC, Russia) (d(0.1):35.57 μm, d(0.5):78.34 μm, d(0.9):141.72 μm) was 
used as the starting material to deposit a dense layer on a plate with dimensions of 30 x 30 x 5 (mm) of the 
steel substrate. Corrosion-resistant steel plates (Fe-0.12C-0.90Mn-0.025P-0.01S-16Cr-0.20Cu, all in wt %) 
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were employed as substrates. The composite powder was prepared by solid state mixing route (Cr3C2:Ni20Cr 
wt ratio = 75:25) (Figure 1). Cr3C2:Ni20Cr powder consists of irregularly shaped particles with sharp facets. 

  

Figure 1 SEM micrograph showing the morphology of the Cr3C2-25NiCr powder 

2.2. Apparatus and Procedures 

In this study, a multi-chamber, vertically mounted, gas-dynamic accelerator (MCDS) with a barrel length of 
300 mm [6-8] was employed to deposit the Cr3C2-25NiCr coatings. In MCDS, the realized detonation regime 
of the combustion of the gas mixture in the two chambers has a special profile. The Cr3C2-25NiCr coatings 
were deposited with a frequency of 20 Hz of the snake. Speed of moving was 2000 mm/min, distance from the 
sample - 55 mm. The powder feed rate was 1900 g/h. The microstructure of the specimens was studied by a 
scanning electron microscope (SEM) and a transmission electron microscope JEOL JEM 2100 (TEM). X-
ray analysis was done using a diffractometer Rigaku Ultima IV. Crystalline phases were identified by the ICDD 
PDF-2 (2008) powder diffraction database. 

3. RESULTS AND DISCUSSION 

The thickness of deposited coatings ranged about 180-220 m. The Cr3C2-25NiCr coating is uniform and 
dense, and has a good adhesion to the substrate. A close examination of the microstructure reveals that 
carbide particles were distributed in the coating evenly. 

  

Figure 2 SEM micrographs of cross‐sections of the Cr3C2-25NiCr coating (back‐scattered electron mode) 

Figure 3 shows the results of the X-ray diffraction (XRD) of the Cr3C2-25NiCr powder and coatings. The 
detected phases for Cr3C2-25NiCr powder were Cr-Ni and Cr3C2 phases (Figure 3a). As for the Cr7C3 phase, 



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 
 

906 

it was at the lowest limit of detection (< 5 volume %). As shown in Figure 4b, the powder underwent a phase 
transformation during spraying. Specificity of the thermal spray deposition of carbide-based cermets is that 
under the action of high temperature (several thousands of degrees), and the atmosphere of gaseous products 
of combustion (detonation) of the combustible mixture occurs depletion higher carbide on carbon to lower 
carbides, oxidation of the carbide particles, and migration products of dissociation of carbide particles into a 
metal matrix [11,12]. In the Cr3C2-25NiCr coating, the carbide Cr7C3 was present. It is generally considered 
that this carbide is formed through decarburization of Cr3C2 carbide. 

 
(a) 

 
(b) 

Figure 3 XRD patterns of the (a) Cr3C2-25NiCr powder, and (b) the Cr3C2-25NiCr coating 

The microstructure of the Cr3C2-25NiCr coating in different regions as schematically shown in Figures 4, 5 
was examined by TEM. The features of the fine structure of the Cr3C2-25NiCr coatings and its parameters 
have been studied. It was established that the layered structure of the regions of carbide particles and matrix 
metal is located within the "carbide-matrix" boundary. In the center of the carbide particle is the highest carbide 
Cr3C2, around which the interlayers of carbide Cr7C3 and Cr2O3 are formed. Migration of carbon from the 
carbide particles to the Ni-Cr matrix with the formation of dispersed particles of secondary carbides in it was 
observed. In the Ni-Cr matrix, an increase in the carbon concentration and the formation of secondary carbide 
particles with an average size of about 47.5 nm was observed. The distance between the boundaries of the 
secondary carbides was not more than 190 nm. The dislocation density in the lamellar volume of the Ni-Cr 
matrix was 21010, at the boundary "lamella-lamella" - 41010, at the boundary "carbide-lamella" - (5…6)1010. 
It was established that the thickness of the lamellae was 1.5 μm, and the average size of the substructure of 
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the Ni-Cr matrix was 247 nm. Lamellae in the coatings consisted of nanocrystalline grains, separated by 
interlayers of the amorphous phase and oxide crystalline grains. 

 

Figure 4 The structure of the Cr3C2-25NiCr coating at a distance  40 μm from the substrate 

 

Figure 5 The structure of the Cr3C2-25NiCr coating at a distance  200-400 μm from the substrate 

4. CONCLUSION 

During the deposition of Cr3C2-NiCr powder under the action of high temperatures and the atmosphere of the 
detonation products, a change in its phase composition occurs, forming a complex heterogeneous structural-
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phase state in the coatings. Within the deposited Cr3C2-NiCr coating, Cr3C2, C7C3 and Cr2O3 phases were 
present with different morphologies. In the center of the carbide particle is the highest carbide Cr3C2, around 
which the interlayers of carbide Cr7C3 and Cr2O3 are formed. The microstructure of the matrix in the deposited 
coating varied with the regions. Within the coating, the grain size of the matrix changed from several 
nanometers to several tens nanometers. Quantitative image analysis revealed the average apparent diameter 
of the carbides was about 47.5 nm, the thickness of the lamellae was 1.5 μm, and the average size of the 
substructure of the Ni-Cr matrix was 247 nm. 
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Abstract  

A large amount of microelectronic devices components are based on the unique properties of gallium nitride.  
Our purpose was to find the most effective and simple way for gallium nitride (GaN) nanoparticles synthesis. 
GaN nanoparticles were prepared by a gallium oxide powder - aluminium nanopowder (NP) mixture 
combustion process under air atmosphere and with the use of calorimetric bomb (under nitrogen atmosphere, 
P = 0.3 MPa).  The aluminium nanopowder was obtained by electrical explosion process of aluminium wire in 
argon atmosphere. The GaN nanoparticles synthesis is based on the high - temperature chemical binding of 
nitrogen in the presence of oxygen impurities, which leads to the formation of stable crystal nitrides phases: 
AlN, GaN. The combustion process includes two stages, the first one (low - temperature) caused an absorption 
hydrogen burning (800 - 1200 °С), the second stage (high - temperature) leads to nitrides formation (2000 - 
2400 °С). 

Keywords: Aluminium nanopowder, gallium nitride 

1. INTRODUCTION  

A large amount of microelectronic devices components are based on the unique properties of gallium nitride. 
For example, the gallium nitride Light Emission Diodes could be used for the conversion of electrical energy 
into light energy with efficiency up to 45% [1]. At the same time, the gallium nitride preparation involves 
technical difficulties, thus, the most simple and effective ways for the gallium nitride preparation need to be 
found.  

The gallium nitride (GaN) is a direct bandgap semiconductor, the value of Eg is in the range of 3.25 -3.60 eV 
[2]. Gallium nitride powder is stable in acidic and alcaline solutions, GaN decomposes to the gallium oxide 
under air conditions (800 °С). GaN decomposition temperature is about 850 °С.  

Our purpose was to find the most effective and simple way for the gallium nitride synthesis. There are a lot of 
techniques for the GaN preparation: 1) The conversion of metallic Ga in a NH3 stream into GaN (1200°С); 2) 
the decomposition of (NH4)3GaF6, (GaCl·NH3) in a NH3 stream (900 °С); 3) the nitriding of gallium. But there 
are some difficulties in the nitriding method related to a melt mirror formation of the low-melting-point gallium. 
This process leads to a response surface decrease and reaction rate decrease. In order to prevent this special 
agents, such as (NH2)2CO3 are widely used. The agents decompose into gases, which mix the gallium melt 
and enable a nitrogen penetration to the gallium; 4) the gallium oxide reduction with nitriding process: 
Ga2O3+2NH3=2GaN+3H2O (1100 -1200°С) [3].   

It was reported about the gallium nitride preparation by a gallium oxide powder - aluminium nanopowder (NP) 
mixture combustion process under air atmosphere [4]. Gallium oxide and aluminium NP were mixed together, 
with that the powder mixture combustion process was initiated. This reaction was provided under air 
atmosphere as self-sustained process, which led to the gallium nitride formation. Afterwards the gallium nitride 
precipitation was provided with a sulfuric acid or a chlorohydric acid solution chemical treatment.   
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This method includes a great number of advantages, such as the usage of air nitrogen, the atmosphere 
pressure and the usage of the heat energy of chemical reactions for the gallium nitride synthesis. However, 
there are some disadvantages of the method, for example, low reaction product efficiency and the usage of 
porous structures, which are the inertial material in production.  

The GaN synthesis is based on the high - temperature chemical binding of air nitrogen in the presence of 
oxygen, that leads to the formation of stable crystal nitrides phases. The combustion process includes two 
stages [5], the first one (low - temperature) caused an absorption hydrogen burning (800 - 1200 °С), the second 
stage (high - temperature) leads to nitrides formation (2000 - 2400 °С). Currently, the full mechanism of this 
phenomena has not been studied yet, but there is some evidence about a photochemical deactivation of 
oxygen during the nitride formation. Oxygen transferred the triplet state in the singlet inactive state. The 
reactivity of nitrogen after a heat increased and it’s interacted with aluminium and formed aluminium nitride [6]: 

 (1) 

  (2) 

It was reported about Nb [7], Ta [8], B, C [9], Al [6] and other elements nitrides formation.  

2. EXPERIMENTAL PART 

2.1. Synthesis via air condition  

The aluminium nanopowder obtained by electrical explosion process under argon atmosphere was used to 
prepare metallic gallium - aluminium nanopowder mixture. Afterwards, the mixture was heated to 30-35 °С and 
mechanically mixed. In experiments the mixtures with next weight relations of the substances: Ga - Al 2:4, 3:3, 
5:1. The combustion of freely poured mixtures was conducted in a box on the steel plate under free air 
conditions. The process of a combustion for the samples with the Ga - Al weight relations 2:4, 3:3 was provided 
as one - stage process, and for the samples with the Ga - Al weight relations 4:2 was provided as two - stage 
process. The combustion of the sample with Ga - Al weight relations 5:1 was weak, pointlike mostly.  

AlN was prepared from Al nanopowder according to the following reaction: 

             (3) 

 
Combustion process was initiated by local heating of Al nanopowder sample using nichrome wire. The 
amounts of voltage and current applying were 15 V and 2 A respectively. The combustion process continued 
for 2 minutes after the initiation. After the reaction ending the sample was cooled in air atmosphere. 

GaN was supposed to be prepare from the mixture of Al nanopowder and Ga2O3 according to the reaction:  

                                                                                                  (4) 
 

   (5) 

The Ga2O3 sample was prepared for the experiment by being passed through a sieve with a mesh of mm2. 
After that Al nanopowder and Ga2O3 were mixed thoroughly. The combustion process of the mixture was 
described above.  
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2.2. Synthesis in calorimetric bomb 

Synthesis via air and N2 atmospheres was provided in calorimetric bomb under the pressure of 0.7 MPa 
according to the Figure 1. For the experiment GaN was prepared both with the additional amount of NaN3 and 
without the one.  

 

Figure 1 The scheme of combustion synthesis in calorimetric bomb 

2.3. TGA and DSC analyses 

TGA and DSC analyses results are indicated in Figure 2. The analysis was conducted from 40 °С to  
1200 °С in increments of 10 °С/min under air atmosphere. According to the thermograph a mass reduction 
occurred up to 470 °С with a following mass increasing up to 500 °С. After a slow oxidation stage (600°С - 
735 °С) the second stage occurred up to 950 °С. Thus, the oxidation (combustion) process of the mixture with 
a ratio 2:2 included 2 stages, the same was observed for the aluminium nanopowder without an additive 
component. The feature of the process was desorption revealed at the first heating stage (3.3781 wt.%).  

2.4. XRD analysis  

The XRD patterns show that the formation of AlN via intermediate states takes place. The XRD of the AlN 
powder synthesized via air condition shows 4 stable phases (AlN, Al, Al2O3 and Al3O3N) whereas the products 
synthesized in calorimetric bomb show only 3 stable phases (AlN, Al and Al3O3N). According to the XRD data 
of Al nanopowder combustion products the process of chemical binding of air nitrogen takes place when O2 is 
deactivated.  

The XRD patterns of GaN synthesized in calorimetric bomb reveal that metallic Ga formation takes place and 
there are no clear reflexes of GaN. But the analysis shows that there are 3 unidentified reflexes that could be 
related to GaN formation.  

The XRD analysis of combustion products with additional amount of NaN3 shows pyrophoric Na metal.   
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Figure 2 TGA - DSC of gallium oxide powder - aluminium nanopowder (NP) mixture (2:2) (m=5.5060 mg, 

heat flow - 10 °С/min, air atmosphere) 

3. CONCLUSION 

GaN is a promising material due to its unique properties for a lot of areas, such as optoelectronics, military 
industry, space industry and biomedical technology [10]. Currently, a large amount of gallium nitride 
preparation methods are based on the reaction between ammonia and gallium component. But an application 
of this methods for big - scale production is obstructed by its high energy capacity and process time. The high 
- temperature chemical binding of an air nitrogen in the presence of oxygen is a very promising method of 
gallium nitride synthesis. The main advantages of high - temperature chemical binding process are short 
process time and low energy capacity. At the same time there are some difficulties related to the pure GaN, 
but the investigation in obtaining of the pure GaN are currently underway, because Ga is used in the GaN 
synthesis and as the substrate for the transfer of a γ - emitter in nuclear reactors.   

According to the XRD data of Al nanopowder combustion products the process of chemical binding of air 
nitrogen takes place when O2 is deactivated. It was founded AlN, Ga metal and Al2O3 (corundum) phases as 
products of Al(NP) - Ga2O3 mixture combustion (P=0.7 MPa).  

NaN3 was added to the samples for increasing of pressure in calorimetric bomb, pyrophoric Na metal was 
produced. But there are 3 unidentified reflexes from XRD analysis which could be GaN phase.  
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Abstract 

Nowadays preparation of structures on flexible substrates is highly demanded because of using this patterns 
in field of flexible electronics. This contribution deals with photolitographic procces for preparation of structures 
on flexible substrates. The method of photolitography enables to create designed patterns in various material 
(e.g. metals as conductive layers) on various substrates (silicon wafers, foils, etc.).  First the designed pattern 
is exposed through the mask by UV light into polymer resist, then the pattern is transfered into metal layer by 
wet etching through the developed windows in resist. In this paper several patterns are prepared through the 
positive resist PMMA by photolitography into various metal layer (Cu, Al) on flexible substrates.  

Keywords: Photolithography, flexible substrates, metal layer 

INTRODUCTION 

Nowadays, flexible electronics have received higher attention and the application of this electronics is rising 
in fields where classic electronics cannot be used and also instead of it. The flexible electronics is prepared 
on flexible foils as plastic or metal foils. These materials are flexible a can be easily rolled, wrapped or twisted 
without any affection of their functionality [1,2]. The advantages of these materials can be applied for 
production of electronic elements such as flexible displays, sensors, active antennas, etc. The essential step 
at electronic production is preparation of metallic electrodes. One possibility to create conductive layer is 
transfer of pattern through the mask prepared by photolithography [3]. In this paper we present the preparation 
of metallic patterns on flexible foils.     

1. PHOTOLITHOGRAPHY 

It is a method for patterning of 
sample, which is using light 
(especially UV light). The light is 
used for transfer of pattern into the 
sensitive layer deposited on 
substrate, as sensitive layer are 
often used polymer material 
sensitive to the light, mainly PMMA 
(poly methyl methacrylate) due to 
its low cost. The transferred 
pattern is chemically developed 
(wet way) after exposition. The 
principle of method is shown on 
Figure 1. 

 
                                                                                  Figure 1 Principle of photolithography [4]         
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2. EXPERIMENTS 

It was prepared aluminium mask as testing pattern for photolithography, the testing mask consisted of squared 
window 10 times 10 mm.  The windows’ distance was 10 mm. 

2.1. Foil preparation 

The following material was used as the flexible substrates: polyimide foil, DuPont TEIJIN FILMS Teonex® Q83 
foil, Mylar® 125 DuPont TEIJIN FILMS foil. The foil was cleaned in isopropanol and then rinsed in deionized 
water. 

2.2. Metal deposition 

Magnetron sputtering of copper and aluminium was carried out prior the resist layer deposition. The sputtering 
time for both metals was 5 minutes. The magnetron sputtering was done after development process in case 
of lift off technique [5]. 

2.3. Resist layer deposition 

PMMA resist was used for photolithography process on all types of flexible substrates. PMMA resist layer was 
prepared by spin coating from 6 wt. % solution PMMA in chlorobenzene at 2000 RPM and 3000 RPM and from 
13 wt. % solution in anisole at 2000 RPM. The prepared resist layers were pre-baked for 30 minutes at 170°C. 

2.4. Exposure and development process 

The exposure was carried out by Phillips mercury UV lamp 400W for 10 minutes because of needs to achieve 
exposure dose over 500 mJ/cm2 for PMMA resist [6].The development process was done by wet way in pentyl 
acetate for 30 seconds. The temperature of developer was at room temperature - 21.8°C. Then the samples 
were rinsed in isopropanol and deionized water.  

2.5. Wet etching, lift off process, resist stripping 

The samples prepared with metal layer prior to the PMMA deposition were developed and then to get 
designed pattern etched in solution in accordance to the sputtered metal: copper - Cu etchant (H2O2 + HCl), 
aluminium - Al etchant (water, acetic acid, phosphoric acid, nitric acid). The rest of resist layer was stripped 
in anisole solution. 
The samples prepared by lift off technique were process sputtered by metal layer after development.Then 
the rest of resist layer and metal was removed in anisole solution inserted into ultrasonic bath. 

2.6. Layer thickness characterization 

The thicknesses of individual layers were measured by mechanical profilometer Brukker DektakXT.  

3. RESULTS 

First the samples prepared with metal layer prior to spin coating of PMMA were exposed (Figure 2 and  
Figure 3). The aluminum layer sputtered before resist coating on polyimide foil was 32 nm thick. PMMA resist 
was developed in pentyl acetate after exposure. The thickness of resist was 336 nm before exposure. It is 
obvious that Al layer is compact and conductive (measured by multimeter) with some defects which can be 
solved by better sample cleaning procedure (Figure 2). Copper pattern on Mylar® foils was prepared through 
the resist with thickness of 8.59 µm which was spin coated from 13 wt. % PMMA solution in anisole, the resist 
layer was too thick for fabrication and during the mechanical resist stripping was also damaged thin Cu layer 
(16 nm - Figure 3).  
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Figure 2 Aluminium pattern prepared on polyimide 
foil 

 
Figure 3 Copper pattern prepared on MYLAR® foil 

 

Figure 4 Copper pattern on TEONEX® foil 
prepared by lift off technique 

 

Figure 4 Aluminium pattern on TEONEX® foil 
prepared by lift off technique 

Thereafter structures on TEONEX® Q83 foil were prepared by lift off technique (Figure 4 and Figure 5). 
Thickness of copper layer is 45 nm and PMMA resist thickness for processing was 611 nm. The aluminium 
thickness is 28 nm and resist thickness used for lift off was 573 nm. The revolutions were set to 2000 RPM to 
obtain thicker resist layer for better fabrication. The metal patterns remained in exposed windows after stripping 
non-exposed resist in ultrasonic bath. It is visible that structures prepared by lift off technique have less defects.  

4. CONCLUSION 

We successfully prepared different copper and aluminium patterns for electrodes on various flexible materials 
which is necessary step in production of flexible electronic. This metallic structures were prepared by 
photolithography where we used two different approaches, first one was metallization before resist processing 
and second one was lift off technique.  
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Abstract  

During the last decade, interest in conducting polymer/clay nanocomposites increased, mostly due to their 
very good physical, chemical, and mechanical properties, which can be significantly enhanced in various ways 
compared to pristine polymers. One of the most studied conducting polymers is polyaniline (PANI) which has 
unique electrical and optical properties, and, in addition, its interaction with clay structure leads to improvement 
of resulting electrical conductivity. In this study, the clay mineral montmorillonite (MMT) was used. Raman 
spectroscopy is nondestructive technique and coupled with an optical microscope has a potential to determine 
the chemical composition and possible inhomogeneity of the sample. Moreover, Raman spectroscopy is very 
sensitive to changes in the structure of polymers in terms of its protonation state. Aim of the study was the 
characterization of PANI/MMT nanocomposites prepared in three different forms (powders, layers, and tablets) 
by Raman microspectroscopy. In addition, after calcination of the prepared samples at 1300 °C, the 
transformation of PANI to the few-layer graphene was observed. Above that, Raman microspectroscopy was 
used to creation of the Raman spectral maps which reveal the distribution of the formed few-layer graphene.  

Keywords: Raman microspectroscopy, polyaniline, montmorillonite, graphene, calcination 

1. INTRODUCTION 

Polyaniline (PANI) is one of the most studied conducting polymers because of unique electrical and optical 
properties, good redox reversibility and high environmental stability [1-2]. Due to its low cost, PANI could be 
useful in many applications such as sensors, antistatic and/or anticorrosive coatings, and many others [3]. 
According to intended application, several different forms of PANI can be prepared (thin films, powders, tablets) 
but whatever the form is, the most desirable feature is regular ordering of PANI chains leading to increased 
conductivity. Ordering of chains can be achieved by various methods, one of which is intercalation of PANI 
into interlayer space of phyllosilicates [4-6]. One advantage of phyllosilicate use is the plate-like shape of 
phyllosilicate particles which remains unchanged even after the surface modification and the particles in 
resulting nanocomposites exhibit the tendency to preferred arrangement [7]. Pressing these nanocomposites 
into the tablets further improves the texture of the sample [8]. Montmorillonite (MMT) is easily expandable layer 
silicate and has been chosen as the most convenient silicate matrix for the preparation of PANI/MMT 
nanocomposites. For PANI as conducting polymer and its possible application is also very important to know 
the protonation state of prepared samples.  

Aim of the study was to prepare PANI and nanocomposites PANI/MMT samples in form of powder, thin film, 
and tablet and characterize them by Raman microspectroscopy, which is nondestructive and very sensitive 
technique suitable for detection of structural changes in polymers chains, especially for evaluation of PANI 
protonation state. Moreover, the PANI/MMT thin film and tablet were calcined at 1300 °C to prove the formation 
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of graphene in the samples. Raman spectral imaging was used in selected areas to determine not only the 
carbon form, but also the distribution of graphitic structure/few-layered graphene in samples. 

2. EXPERIMENTAL 

2.1. PANI samples preparation  

Aniline, sulfuric acid and ammonium peroxydisulfate were purchased from Lach-Ner, Czech Republic, and 
used as received. PANI powder was prepared by oxidative polymerization of the solution of aniline by 
ammonium peroxydisulfate in acidic environment (sulfuric acid). The green solid was collected on a filter by 
rinsing with 0.2 M hydrochloric acid and subsequently dried at 40 °C in a kiln.  

Same simple oxidative chemical polymerization of the solution of aniline in concentrated sulfuric acid by strong 
oxidizing agent at room temperature was used for preparation PANI thin films. Quartz glass slide which was 
carefully washed in a soap solution, rinsed with distilled water, then with ethanol and dried was used and PANI 
thin film was deposited onto its surface by their rinsing into the reaction mixture. 

Afterwards, PANI powder (3 g of powder for one tablet) was pressed into square tablets using ZWICK 1494 
press at room temperature, without any lubrication and binder. Parameters of the controlled pressing were as 
follows. Loading speed was 1.0 mm·min-1 and using final pressure (400 MPa) the sample was compacted for 
10 min. Unloading speed was 0.1 mm·min-1.  

2.2. PANI/MMT nanocomposites preparation  

PANI/MMT nanocomposites were prepared using one-step process. The anilinium sulfate and ammonium 
peroxydisulfate were added into water suspension of MMT (Commercially available Na-MMT Portaclay®, The 
mineral company Ankerpoort NV, Netherlands). Polymerization of aniline was completed after 60 min, but the 
suspension was stirred for 6 h to ensure that the largest possible amount of PANI enters the interlayer space 
of MMT. The green solid was again collected on a filter by rinsing with 0.2 M hydrochloric acid and dried at the 
same conditions as pure PANI sample. 

Same type of quartz glass slide with same pre-treatment was used as substrates for PANI/MMT thin film. The 
preparation of PANI thin film was similar, when reaction mixture was mixed together with appropriate amounts 
of MMT. After several hours of polymerization and formation of thin film, the glass slide was removed from the 
mixture and rinsed with 0.2 M hydrochloric acid and dried. 

PANI/MMT nanocomposite was used for the tablet preparation, which was similar as described in Chapter 2.1 
and again pressure 400 MPa was used.  

Moreover, PANI/MMT thin film and PANI/MMT tablet were calcined in the electric resistance tube furnace 
(CLASIC CZ Ltd., Czech Republic) at the temperature 1300 °C (for 1 hour). The temperature was controlled 
by Pt-13%Rh/Pt thermocouple placed near the sample. Heating and cooling rate was 5 °C·min−1. In order to 
avoid oxidization of the samples, protective Ar atmosphere was used.  

2.3. Raman microspectroscopy  

Raman spectra of all prepared samples were measured using a Smart Raman Microscopy System XploRA™ 
(HORIBA Jobin Yvon, France). Spectra were acquired with 532 nm excitation laser source (20 - 25 mW). The 
intensity was reduced to the 10 % of the initial laser beam. Grating was set to 1200 grooves/mm and 100× 
objective for thin film and 50 × objective for powder and tablet measurement were used. Recording of the 
spectral maps was performed in selected regions with 1 μm step. Raman spectral maps were generated with 
respect to the intensity of 2D band which was used as an identifier of the presence of graphitic structure. 
Raman spectra and spectral maps were processed in LabSpec software which is part of XploRA™ device. 
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3. RESULTS AND DISCCUSION  

Since the Raman microspectroscopy allows measurements in very small area (laser spot has diameter ⁓500 
nm), several different points of each sample were measured and average spectra were created. Spectra of 
PANI powder, thin layer, and tablet (measured both on surface and in internal volume of the tablet) show 
characteristic bands of PANI (see Figure 1) with small differences. The most important band corresponds to 
the protonation state of PANI (also called protonation band - stretching vibration of C-N+•) and it is located at 
1345 cm-1 (asterisk in Figure 1) [9]. Its intensity in spectra of all three types of sample confirmed protonation 
state of PANI. However, in the case of thin film, its intensity is the lowest (comparing with bands above  
1500 cm-1) in comparison with other two samples. There are also differences in region above 1500 cm-1 which 
corresponds to changes in the benzene/quinone ratio in PANI chains [7]. Description of other PANI bands can 
be found in e.g. [7] and [9]. Spectra of tablet measured on the surface and in the internal volume are almost 
the same and there are not any significant differences in comparison with PANI powder which means that 
pressing does not affect the PANI structure.  

 
Figure 1 Average Raman spectra of the PANI powder (a), thin film (b) and tablet from the surface and the 

internal volume (c) 

 
Figure 2 Average Raman spectra of the PANI/MMT powder (a), thin film (b) and tablet from the surface and 

internal volume (c) 

Average Raman spectra of all three types of PANI/MMT nanocomposites (powder, thin film, and tablet) show 
also the main characteristic bands of PANI (see Figure 2). Bands corresponding to the MMT are not visible 
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due to the high fluorescence of the clay [10]. The most significant difference is visible in protonation band of 
PANI (asterisk in Figure 2) and as well in region above 1500 cm-1. In case of PANI/MMT powder and tablet, 
significant decrease in the protonation band intensity was found when compared with PANI powder and tablet 
(Figure 1). On the contrary, the intensity in case of PANI/MMT thin film does not significantly change in 
comparison with PANI thin film (Figure 1). Decrease in the intensity could be connected with the presence of 
MMT. PANI chains are distributed in the interlayer space of MMT and as well on the surface of the MMT 
particles. Comparison of PANI/MMT (tablet) spectra from surface and internal volume clearly shows that 
average intensity in spectra measured on the surface is higher than average intensity in spectra measured in 
the internal volume. From Raman measurement can be concluded that MMT negatively affects protonation 
state of PANI, but the situation can differ in interlayer space of MMT particles where the PANI chains are 
stretched along the MMT layers [4]. 

Our previous study showed that calcination of PANI/MMT nanocomposite at 1400°C led to the formation of 
graphene while calcination at 1200°C not [8]. Therefore, 1300 °C was used in this study and both thin film and 
tablet were calcined. Raman spectral maps were created for resulting samples. In case of calcined thin film, 
mostly the amorphous carbon (black areas in Figure 3) was detected. It corresponds to complete burning of 
PANI (no PANI bands were detected). Though, in some points were recorded spectra with graphitic structure. 
Raman spectral imaging was applied in selected areas (see Figure 3) for better distinguishing of these points.  

 
Figure 3 Raman spectral map of chosen area on surface of calcined PANI/MMT thin film with Raman 

spectrum corresponding to the red areas in Raman spectral map 

Raman spectral map shows areas (red color in Figure 3) where the graphitic structure was detected. The 
graphitic structure is confirmed by presence of 2D band (cross in spectrum in Figure 3) at ~ 2700 cm−1 which 
is always observed in Raman spectra of graphite samples. 2D band is connected to the second order of zone-
boundary phonons, sometimes referred to as an overtone of the D band [11]. In ideal case of single-layered 
graphene, the 2D band should have the intensity four times higher than intensity of G band (graphitic band at 
1577 cm-1). The third most significant band is called D band (disorder band) and is located at  
1343 cm-1 and originates from disordered carbon atoms, thus, it cannot be found in spectra of the very well-
ordered graphite and graphene [12]. These results suggest that the prepared carbon material is not pure 
graphite nor graphene and its distribution is inhomogeneous. 

Raman spectra obtained from the surface of calcined PANI/MMT tablet revealed only the amorphous carbon 
(data not shown). However, in case of internal volume of calcined PANI/MMT tablet (see Figures 4 and 5), 
spectra of some areas (red color in Figure 4) exhibit 2D band with intensity higher than intensity of G and D 
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bands (see cross in Figure 4) which suggests presence of few-layer graphene. Unlike the Figure 3, black 
areas in Figure 4 do not correspond only to amorphous carbon, but mainly to graphitic structure with intensity 
of 2D band lower than G band. These areas are highlighted in green in Figure 5. Only very small area 
corresponds to the amorphous carbon in comparison with Raman spectral map of thin layer. Thus, PANI/MMT 
tablet was proven as good precursor for the graphene formation during calcination. Detection of few-layered 
graphene only in the internal volume of tablet suggests importance of intercalation, and for non-intercalated 
PANI at least sandwiching between MMT particles.   

 
Figure 4 Raman spectral map of area in internal volume of calcined PANI/MMT tablet with Raman spectrum 

corresponding to the red areas in Raman spectral map 

 
Figure 5 Raman spectral map of area in internal volume of calcined PANI/MMT tablet with Raman spectrum 

corresponding to the green area in Raman spectral map 

4. CONCLUSION 

Three types of PANI and PANI/MMT samples were prepared (powder, thin film, and tablet) and characterized 
by Raman microspectroscopy. Raman microspectroscopy confirmed protonation form of PANI in all samples. 
In case of nanocomposites PANI/MMT, the protonation state of PANI was lower than in case of pure PANI 
samples. However, PANI/MMT nanocomposite in form of thin film and tablet show potential to form few-layer 
graphene after calcination to 1300 °C. In case of PANI/MMT tablet, the formed graphene was better (higher 
intensity of 2D band) than in case of PANI/MMT thin film (lower intensity of 2D band). Thus, Raman 
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microspectroscopy is proven to be very useful tool for the PANI structure characterization and identification of 
carbon forms, and, in addition, allows creation of spectral maps, which serves for better understanding of 
distribution of carbon forms in selected areas. 
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Abstract 

Diamond can become highly conductive due to impurity impact ionization and avalanche effects when 
sufficiently doped with boron and exposed to high electric field. Knowledge of those effects is important for the 
fabrication of potential novel high power electronic devices. High currents and voltages make characterization 
of impurity impact ionization uneasy and require pulsed characterization measurement methods to limit thermal 
effects. In this work, we first present the synthesis of epitaxial boron doped diamond layers by Plasma 
Enhanced Chemical Vapour Deposition and their microfabrication process and then we study their electrical 
properties in high electric field. Second, we describe the home-made Transmission Line Pulse current-voltage 
(I-V) characterization setup based on a Blumlein pulse generator. Finally, quasi-static I-V characteristic has 
been measured showing impurity impact ionization and avalanche effect at high electric field. 

Keywords: Impact ionization, Transmission Line Pulse generator, boron doped diamond, micro-technology 

1. INTRODUCTION 

Low boron doped diamond is a usually highly resistive material and behave as a semiconductor because of 
the high boron acceptor ionization energy. Nonetheless it becomes highly conductive when exposed to a high 
electric field due to impurity impact ionization and avalanche effects [1, 2]. Knowledge of these effects in 
diamond is important for the fabrication of potential novel high power devices. Measurement of carrier 
multiplication and the avalanche threshold field requires an electrical characterization method that can work 
with high voltage and high current and is also sufficiently fast to minimize thermal effect. In this paper, we 
describe 1. the fabrication process of epitaxial boron doped diamond layers, 2. the micro-fabrication process 
of high electric field test devices, 3. the homemade 100 ns Blumlein Transmission Line Pulse (TLP) generator 
and finally we present the measured electrical properties of boron doped diamond measured using our newly 
developed TLP generator. This article is divided in 4 different main sections: 1. Introduction, 2. Epitaxial boron 
doped diamond growth, 3. Microfabrication processes, 4. Electrical characterization which includes the 
Blumlein transmission line pulse generator development and experimental results and 5. Conclusion. 

2. EPITAXIAL BORON DOPED DIAMOND GROWTH  

Epitaxial boron doped diamond layers were grown by Plasma Enhanced Chemical Vapor Deposition (PECVD) 
using a commercial ASTeX 5010 reactor. Prior to deposition, (100) oriented 33 mm2 substrates were cleaned 
in a hot oxidizing mixture of H2SO4 and KNO3 for 10 min. The substrates were then thoroughly washed in DI-
water. Immediately before loading in the PECVD reactor, the sample were ultrasonically cleaned in acetone 
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and alcohol and dried with clean dry air. Diamond growth was divided into four different steps whose conditions 
are reported in Table 1: 

 The 1st step of a pure hydrogen plasma is twofold: 1. to rise the substrate temperature towards the one 
used during the growth step and 2. to clean the diamond substrate thanks to the high temperature and 
the energetic atomic hydrogen present in the plasma 

 The 2nd step aims to remove the near surface structural defects by dry chemical etching using an oxygen 
diluted in hydrogen plasma 

 The 3rd step is carried out using growth conditions without carbon and boron precursors. This step aims 
to set the substrate temperature close to the one used during growth and to purge the reactor from 
oxygen species from the etching step before diamond growth 

 The diamond growth (4th step) starts with the addition of carbon (methane) and a boron precursor 
(trimethylborane). In this work, epitaxial layers were grown with various boron to carbon ratios of: 20, 
40, 60, and 549 ppm.  

Table 1 Description of diamond growth process conditions 

Step Process gas composition Pressure (mbar) MW power (W) Time (min) 

1 H2  100 500 10 

2 O2 (1 %) - H2 (99 %) 100 700 10 

3 H2  100 700 10 

4 H2 (∿99 %) - CH4 (∿1 %) - B(CH3)3 (variable) 100 700 30 

3. MICROFABRICATION PROCESSES 

Microfabrication technologies have been developed in parallel with silicon microelectronics for several 
decades. Chemical vapour deposition (CVD), physical vapour deposition (PVD), photolithography, etc. are the 
basic processing techniques. Nowadays technologies allow the processing of wafers as large as 300 mm, with 
alignment accuracy 0.5 µm [www.suss.com/en/products-solutions/mask-aligner/ma300-gen2] or the 
fabrication of sub-micrometre size transistors. However, standard mono-crystalline diamond substrate size is 
well below 1 cm, making the initially simple step of photoresist coating more complex as the so-called edge 
bead is of the same size as the substrate. To tackle this issue, we developed a specific processing method 
based on an epoxy mould. Once the photoresist was homogeneously coated without edge bead, test devices 
have been fabricated using standard microfabrication processes. 

3.1. Epoxy mould fabrication process 

The purpose of the epoxy mould is simple: it is to minimize the step and/or gap at the edge of the diamond 
substrate to ease photoresist flow during the spin coating step and move the edge bead formation away from 
the diamond substrate. This method relies on reproducible substrate dimensions, flexibility and chemical 
stability of the epoxy mould. Moulds are fabricated using 3M™ Scotch-Weld™ Epoxy Adhesive 2216 B/A grey 
in a multi-step process (see Figure 1) described as follows. The glue’s two different components are weighted 
on a precision scale according to the prescribed weight ratio. The two components are mixed to obtain a 
uniform mixture. The mixture is placed in vacuum to outgas in order to remove any bubbles. The prepared 
epoxy glue is then spread on a piece of Parafilm “M”. A standard sized diamond substrate is dropped onto the 
glue and covered by a second piece of Parafilm “M” whilst being careful not to trap air bubbles in the glue at 
and near the diamond sample. This sandwich structure is then pressed between two microscope glass slides 
until the full removal of epoxy glue at the interface between the diamond sample and the two Parafilm “M” 
pieces. Complete removal of epoxy glue is easily checked as it is then possible to see through the whole layer 
structure at the diamond position (see Figure 1b). The glue is left to cure at room temperature for 24 hours 
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under a small weight (see Figure 1c). The glue is easily separated from the Parafilm “M” due to its poor 
adhesion on this surface. The resulting epoxy piece has a hole of the exact dimensions of the diamond 
substrates used for growth of epitaxial layers (see Figure 1d). Samples with epitaxial layers can then be 
mounted on this mould such there are no visible gaps or steps between the sample and the mould surfaces. 
The mould with the diamond substrate is then attached, for instance, to a 2 inch silicon wafer (see Figure 1e), 
to spin-coat the photoresist without edge bead formation on the sample. The diamond sample is then gently 
removed from the epoxy mould to be further processed.  

Figure 1 Epoxy mould fabrication steps: (a) Mixed and outgassed 3M™ Scotch-Weld™ Epoxy Adhesive 
2216 B/A, Parafilm “M”, microscope glass slides, small weights, tweezer and diamond substrate, (b) Pressed 

glass slides, Parafilm “M” parts, epoxy and diamond sandwich, (c) Epoxy mould left to cure under a small 
weight, (d) Dry mould, (e) diamond sample mounted on the epoxy mould ready to be spin coated 

3.2. Test device fabrication 

Samples with epitaxial boron doped diamond layers were first cleaned in a hot oxidizing mixture of H2SO4 and 
KNO3 for 10 min. Samples were then thoroughly washed in DI-water and finally ultrasonically cleaned in 
acetone and alcohol and dried with clean dry air. The epitaxial boron doped diamond layer was then coated 
with layers of Ti (10 nm) and Au (90 nm) by vacuum evaporation. Circular TLM structures with electrodes with 
an inner  of 150 m and various inter-electrode gaps (5 to 40 m) were patterned by photolithography and 
etching techniques. A 1 μm thick positive photoresist (ma-P 1200 from Micro Resist Technology) was 
deposited by spin-coating as described above at a rotation speed of 3000 rpm for 30 seconds and baked on a 
hot plate at 110°C for 2 minutes. The electrodes were patterned using maskless lithography. The resin was 
exposed using a microwriter with a 405 nm laser. Exposed samples were developed in “mr-D 526/S” developer 
for c.a. 30 seconds. Finally, the electrodes were obtained by wet chemical etching using KI/I2 Au etchant and 
diluted HF (0.1%) to etch Ti. The photoresist is simply removed in acetone.  

4. ELECTRICAL CHARACTERIZATION 

4.1. Transmission Line Pulse (TLP) measurement setup and generator 

The schematic of the TLP measurement setup developed at the Institute of Physics, Prague, to measure quasi 
static I-V characteristics is represented on Figure 2. The setup is computer automated using a specifically 
developed Labview program to generate pulses, to collect the current and voltage waveforms and to display 
and save collected data. This setup is based on Blumlein pulse generator charged by a SM400-AR-8 DC 
power supply from Delta Electronics which can deliver voltages up to 400 V. The output voltage is computer 
controlled via the power supply’s (0 - 5 V) analogue control input through an USB-6009 data acquisition (DAQ) 
device from National Instruments. The DAQ is also used to control the relay which triggers the pulse generator. 
The device under test (DUT) is connected to the generator through a 74CJ-APT-KS-100GP/50 Probe Holder 
with 100 m pitch from American Probe via a micro-positioner DPP105-PTH from Cascade Microtech. The 
current and voltage waveforms are measured using a Tektronix TDS 2004C oscilloscope via a Tektronix CT1 
current probe and a pick-off tee (20 dB voltage attenuation), respectively. 
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Figure 2 Schematic of transmission line pulse measurement setup 

 
Figure 3 Electrical scheme of the Blumlein generator 

4.2. Blumlein pulse generator 

The core part of the transmission line pulse measurement setup is the pulse generator. The TLP generator 
develop at the Institute of Physics, Prague is a Blumlein type generator. The main advantage of the Blumlein 
generator over conventional TLP generator is that it can generate higher voltage pulses [6]. The amplitude of 
the voltage pulse varies with the DUT impedance. The voltage pulse can reach twice the power supply voltage 
value at high DUT impedance at the expense of multiple refections. The amplitude of the voltage pulse is equal 
to the power supply voltage for 100  impedance and further decreases at lower impedances. Our 100 ns 
pulse wide Blumlein generator consists of a 2D = 20 m long RG58C/U BNC cable with a metal mesh outer 
conductor disconnected at half its length. The DUT is inserted between the two insulated metal mesh parts of 
the BNC cable (see Figure 3). The BNC cable is charged through a high resistance (Rs = 4.7 MW) compared 
to the characteristic impedance of the cable (50 ) with a time constant of   10 ms. The 100 ns voltage pulse 
is triggered by shorting the inner and outer conductor of the cable using a SIL05-1A85-76D3K lead-free 
electrical relay from Standex-Meder Electronics which generates a wave front which propagates in the BNC 
line. The wave front undertakes several transmissions and reflections stages, which generate the high voltage 
pulse at the DUT end (see ref [7]). The actual Blumlein generator includes 1. a RD = 100 kΩ resistor in parallel 
with the DUT to avoid having a floating ground on the right-hand side of the BNC cable as it can be electrically 
isolated in case of too high DUT resistance and 2. a RL = 50 Ω (MP930 from Caddock) in series with the DUT 
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whose role is to adapt the impedance of the Blumlein generator (100 Ω) to the BNC cable (Z0 = 50 Ω) which is 
used to connect the DUT.  

4.3. Experimental results 

Figure 4a shows the pulse voltage and current waveforms generated with the TLP generator. The voltage 
step at t = 20 ns is due to the time delay induced by the BNC cable length between the sample and the voltage 
probe. At t = 45 ns, the voltage and the current suddenly decreases and increases, respectively, i.e. the sample 
becomes highly conductive. This behaviour is attributed to the combination of impurity impact ionization and 
avalanche effect above critical voltage and electric field threshold. By averaging the  voltage and current values 
over plateau, one can plot the quasi-static current-voltage characteristic (I-V). The mean values were 
calculated between 80 and 100 ns. In these measurements, a 500 Ω resistance has been connected in series 
with the diamond test sample to safely limit the current. The quasi-static I-V characteristic is not linear (see 
Figure 4b). The resistance of the sample is decreasing with the voltage. When the critical electrical field 
voltage is reached, the resistance sharply drops, the voltage decreases and the current increases. 
Simultaneously, electroluminescence and current filamentation are observed. 
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Figure 4 (a) Pulsed voltage (black curve) and current (red curve) waveforms at critical electrical field/voltage 
and (b) Quasi-static I-V characteristic of an epitaxial boron doped diamond layer grown with B/C = 60 ppm 

and 5 µm gap between electrodes 

5. CONCLUSION 

In summary, we review the synthesis of epitaxial boron doped diamond layers and their microfabrication 
process to study diamond’s electrical properties in high electric fields. For this purpose, we developed a 
transmission line pulse characterization setup based on a Blumlein generator. Blumlein generator 
advantageously generates high voltage pulses to study the avalanche effect in boron doped diamond, as the 
pulse amplitude is maximized for high resistive samples. Quasi-static I-V characteristic of fabricated devices 
measured using a newly developed setup exhibit 3 electrical conduction regimes: linear ohmic conduction at 
low voltage, super-linear increase due to impurity impact ionization at higher voltage and finally above the 
critical voltage threshold, the resistance sharply drops. Under these conditions, current filamentation and 
electroluminescence is observed. 
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Abstract 

The theoretical models are suggested which describe specific plastic deformation mechanisms in nanotwinned 
materials. Materials containing high-density ensembles of nanoscale twins (nanotwinned materials) exhibit the 
outstanding mechanical and physical properties - simultaneously high strength and functional ductility at room 
temperature. These characteristics are achieved due to operating of the specific deformation modes in 
nanotwinned materials. The theoretical models are suggested which describe specific plastic deformation 
mechanisms in nanotwinned materials. In the framework of the suggested models, micromechanism of 
nanotwin widening and micromechanism of combined action of lattice dislocation slip and twin boundary 
migration in nanotwinned materials are considered. In addition, the detwinning mechanism in ultrafine-grained 
nanotwinned metals through stress-driven migration of incoherent boundaries of nanoscale twins is examined. 
It is demonstrated that detwinning of ultrathin twins can occur at very low stresses, while detwinning of thicker 
twins requires high applied stresses. The theoretical results and their comparison with corresponding 
experimental data in the exemplary case of nanotwinned cooper (Cu) are discussed. 

Keywords: Nanotwinned materials, nanotwins, plastic deformation, twinning, detwinning 

1. INTRODUCTION 

Nanostructured materials often exhibit the outstanding physical and mechanical properties such as high 
strength and hardness. At the same time, practical utility of nanostructured materials is limited by the fact that 
most of them have disappointingly low ductility and fracture toughness. However, recently, several examples 
of functional ductility and good toughness have been reported [1-9]. For example, novel nanotwinned metals 
(ultrafine-grained metallic materials with high-density ensembles of nanoscale twins within grains) exhibit 
simultaneously high strength and good ductility at room temperature [1-9]. These characteristics of 
nanotwinned metals are very desirable for practical applications. However, the micromechanisms responsible 
for the experimentally observed unique combination of high strength and plasticity of nanotwin materials are 
not fully understood and represents the subject of intensive discussions. In particular, the specific deformation 
modes operating in nanotwinned metals are of crucial interest for understanding the role of the nanotwinned 
structure in optimization of strength and ductility. One of the specific modes in nanotwinned metals is viewed 
to be plastic deformation occurring through widening of nanoscale twins due to stress-driven migration of twin 
boundaries [1,2]. It is considered that micromechanism for stress-driven migration of twin boundaries in 
nanotwinned metals is glide of partial dislocations along twin boundaries. This factor should be definitely taken 
into account in analysis of plastic flow in nanotwinned metals. Also, recently, using transmission electron 
microscopy, several research groups observed detwinning of nanotwinned Cu occurring via migration of 
incoherent twin boundaries (ITBs) under indenter loading [10-12]. In particular, Liu et al. [12] observed 
migration of an ITB with the length of 5.5 nm in nanotwinned Cu at ultralow indentation stress of 0.1 GPa, well 
below the stress needed for macroscopic yielding. Wang et al. [10], using molecular dynamics simulations, 
confirmed that in the case of ultrathin twins with a thickness below 2 nm, ITB migration can proceed at low 
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shear stresses below 0.3 GPa. At the same time, the reasons for easy detwinning of thin twins in nanotwinned 
Cu are not yet fully understood. 

Thus, the main aim of this paper is to suggest the theoretical models which describe plastic deformation 
through widening of nanoscale twins and detwinning process in nanotwinned metals with subsequent 
comparison with the experimental data. 

2. MODEL OF STRESS-DRIVEN MIGRATION OF TWIN BOUNDARIES 

Let us consider a two-dimensional model of an ultrafine-grained metal sample with periodic nanotwinned 
structure subjected to external tensile stress  (Figure 1a). It is assumed that in the grains of nanotwinned 
material with average dimension d, rectangular nanotwins restricted by coherent twin boundaries are arranged 
continuously (Figure 1a). Let us consider an individual grain containing N+1 identical nanotwins of the same 
thickness  and length d distributed periodically (Figure 1b). Therefore, these nanotwins are restricted by N 
twin boundaries, with the same distance  in between (Figure 1b). Action of external tensile stress  causes 
shearing stress  along the twin boundaries. The shear stress  is related to the applied tensile load  by the 
relation  = k, where k is the geometric factor (0  k  0.5) determined by the orientation of the Shockley 
dislocation slip system with respect to the direction of the applied load. It is well known that slip of partial 
dislocations (for FCC materials - the Shockley dislocations) on the planes parallel to twin boundaries serves 
as the primary mechanism of migration of twin boundaries. For our model, action of shear stress  causes the 
partial dislocations with Burgers vectors b (partial b-dislocations) to slip along the planes parallel to the twin 
boundaries. 

 
Figure 1 Model of plastic deformation of ultrafine-grained material due to twin boundary migration. A 

ultrafine-grained specimen with nanotwinned structure (a general view). (a) The grain contains structure from 
N periodically arranged identical nanotwins. (b) The elementary act of twin boundary migration. (c). The 

defect structure after realization of the n-th elementary act of twin boundary migration. (d). 
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Slip of the partial b-dislocations cause moving the twin boundaries in the direction perpendicular to the 
boundary plane to the distance between adjacent planes parallel to the plane of the twin boundary. Migration 
of all twin boundaries in the grain is assumed to occur simultaneously. The process of generation and slip of 
partial b-dislocation can be simulated by formation of a dislocation dipole with Burgers vectors b (Figure 1c). 
Therefore, the process of simultaneous migration of N twin boundaries can be described by formation of N 
dipoles of partial b-dislocations (Figure 1c). As a result, an elementary act of plastic deformation of the 
nanotwinned sample is represented by simultaneous migration of twin boundaries to the same interplanar 
distance (Figure 1c). The elementary act of twin boundary migration to the distance δ may occur repeatedly. 
Sequential n acts of plastic deformation result in migration of twin boundaries to the distance nδ (Figure 1d). 

3. ENERGETIC CHARACTERISTICS OF STRESS-DRIVEN MIGRATION OF TWIN BOUNDARIES 

Let us consider energetic characteristics of the nth elementary act of twin boundary migration (Figure 1d). The 
nth elementary act of twin boundary migration is characterized by the energy change Wn = Wn - Wn-1, where 
Wn-1 and Wn are energy of the defect system in the (n-1)th and nth states, respectively. The nth elementary act 
of plastic deformation is energetically favorable, if W  0. The energy change Wn can be written as follows: 

EEEEW bn  1int2int                                                                                                                          (1) 

where Eb − is the proper energies of N dipoles of Shockley b-dislocations; Eint1 and Eint2 −  are the energy of 
elastic interaction between all dipoles of Shockley b-dislocations in the (n-1)th and nth states, respectively, 
and E - is the work spent by the external shear stress  on movement of N twin boundaries over the distance 
δ.  

The proper energy Eb is given by the standard expression: 
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where D = G / 2(1-), G is shear modulus, is Poisson ratio. 

The energies Eint1 and Eint2 of elastic interaction between all dipoles of b-dislocations in (n-1)th and nth states 
are calculated as the total work on generation of each dipole of b-dislocations in the summary stress field of 
all other dipoles, and can be written for the (n-1)th and nth states, respectively, as follows:  
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where yn = (i-1)+δ(k-j) and yn-1 = j - δ(i-1). 

The energy E of elastic interaction with external shear stress  is given by standard equation: 

.dNE                                                                                                                                                   (5) 

With help equations (1)-(5), we obtain the expressions for total energy change Wn. 
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4. DEPENDENCE OF THE YIELD STRESS ON THE DISTANCE BETWEEN NANOTWINS 

The nth elementary act of plastic deformation becomes possible when the external shear stress  reaches 
some critical value cn, which can be determined from the condition Wn = 0. Use the value of the critical shear 
stress cn to determine the yield stress y. Let us assume that the yield stress y agrees with the value of critical 
stress 0.02 required to reach the plastic deformation  = 0.02.  

 

Figure 2 The dependencies of theoretical (the solid line) and experimental (the dashed line) yield stress on 
the distance  between nanotwins in the exemplary case of ultrafine-grained copper (Cu) with nanotwinned 

structure 

Calculate the dependence yield stress y on the distance  between the twin boundaries in the exemplary case 
of ultrafine-grained nanotwinned copper (Cu). For material constants, let us select the following values: G = 
44 GPa,  = 0.3, a = 0.352 nm [13], 0 = 200 MPa, KHP = 1750 MP [14]. Parameters of defect structure are 
taken as: d = 500 nm,  = 0.4,  = 0.6 and * = 15 nm [1,2]. In Figure 2, the theoretical y() (the solid line), 
and experimental (the dashed line, from experimental papers [1,2]) dependencies of the yield stress y on the 
distance  between the twin boundaries are shown. As is clear from Figure 2, theoretical dependence y() of 
the yield stress on the distance between the twin boundaries is in good agreement with the experimental data. 

5. MECHANISM OF DETWINNING IN NANOTWINNED METALS 

Let us consider a model grain in a deformed nanotwinned metal with a face-centered cubic (fcc) lattice  
(Figure 3). Within our model, the grain is composed of growth twins divided by CTBs. We assume that an 
applied shear stress   acts in the examined grain as shown in Figure 3. In the initial state, the model grain 
contains a rectangular twin CEFD bounded by grain boundary (GB) segments CD and EF and CTB CE and 
BF. We consider the situation where an incoherent twin boundary (ITB) AB is generated at the GB segment 
CD and moves along the CTBs CE and DF (Figure 3). In doing so, the motion of the ITB AB is accompanied 
by the disappearance of the CTB fragments AD and BC, thus leading to the shrinking of the twin AFEB. If the 
ITB approaches the GB EF, the twin AFEB completely disappears, thus promoting local detwinning in the 
nanotwinned solid. Now consider the geometry of the formation and motion of the ITB AB. It is known that, in 
fcc solids, CTBs are located at {111} crystal planes, while ITBs commonly lie in {112} planes. For definiteness, 
we suppose that CTBs AF and BE occupy (111) crystal planes, while the ITB AB is located at a (112) crystal 

plane. Within our model, the formation and motion of the (112)  ITB (accompanied by the shrinkage of the 
CTBs BE and AF) can be realized by the formation and simultaneous motion of the Shockley partial 
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dislocations along all the (111) planes of the twin CEFD [11,12]. Each Shockley partial has the line direction 
[110]  and the Burgers vector 1b , 2b  or 3b , where 1 ( / 6)[112]ab , 2 ( / 6)[121]ab  and 3 ( / 6)[211]ab  

(Figure 3), with a  being the crystal lattice parameter. The dislocations specified by the Burgers vector 1b  

represent edge dislocations, while those with the Burgers vectors 2b  and 3b  are 30o  mixed dislocations. The 

vector sum of the three Burgers vectors 1b , 2b  and 3b  is zero, that is, 1 2 3 0  b b b . 

 
Figure 3 Model grain of a nanotwinned solid under the action of an applied shear stress  . An incoherent 
twin boundary (ITB) nucleates at a grain boundary and moves under the action of the applied shear stress 

along coherent twin boundaries (CTBs) 

Define the critical stress d
c  as the minimum non-negative stress (for a given twin thickness h ) at which 

detwinning via the formation and migration of an ITB is favored at least for some values of the disclination 
strength  . In other words, d

c  corresponds to the minimum value of '  at ch h , and 0d
c   at ch h . The 

dependence of the critical stress d
c  on twin thickness h  for nanotwinned Cu is presented in Figure 4. From 

Figure 4 it follows that the critical stress d
c  quickly increases with the twin thickness h  at ch h  until h  

reaches 5-10 nm. After that, d
c  only slightly increases with increasing h . Also, Figure 4 shows that, if the 

twin thickness lies in the interval 5-25 nm, the critical shear stress is around 0.7-0.8 GPa. These values are 
higher than the typical values of the resolved shear stress during the uniaxial deformation of nanotwinned Cu, 
but they can be reached at some regions of nanotwinned Cu due to stress concentration or in the regions near 
the indenter in the case of indenter loading. 

 
Figure 4 Dependences of the critical shear stress c

d on twin thickness h in nanotwinned Cu 
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6. CONCLUSION 

The theoretical models have been developed describing peculiar aspects of plastic deformation of ultrafine-
grained materials with nanotwinned structure. In the first model, plastic deformation occurs due to sequential 
migration of the twin boundaries and lattice slip within the spaces between the twin boundaries. The critical 
external stress and plastic deformation degree characterizing each elementary act of twin boundary migration 
accompanied by lattice slip have been calculated. Theoretical dependence of the yield stress on the distance 
between the twin boundaries for nanotwinned copper (Cu) has been calculated. Theoretical dependence of 
the yield stress on the distance between the twin boundaries has been compared with similar experimental 
dependencies in the exemplary case of ultrafine-grained copper with nanotwinned structure. Theoretical 
results well agree with the experimental data. In parallel with deformation twinning, stress-induced detwinning 
also occurs in nanocrystalline and ultrafine-grained metals. In particular, in nanotwinned metals detwinning 
can occur through stress-driven migration of ITBs (Figure 3). It was found that the formation and migration of 
the incoherent boundaries of ultrathin nanotwins (characterized by chh  , where the critical twin thickness 

2.2ch  nm for Cu) is favored even in the situation with the zero net Burgers vector of the ITB. This result is 
well consistent with the experimental observation [12] of the motion of an ITB containing a dislocation array 
characterized by a zero net Burgers vector in nanotwinned Cu under indenter loading in the case of twin 
thickness being around 2 nm.  

The results of this theoretical investigation can be used in practice to form specific nanotwin structure in 
ultrafine-grained materials to provide recommendations on optimization of their mechanical properties, which 
allow for simultaneous combination of high strength and functional plasticity of such materials. In particular, 
the theoretical model developed allows for determination of the yield stress in nanotwinned materials 
depending on width of the nanotwins. 
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Abstract 

In this work, we applied a method of light scattering for in situ detection of organosilicon nanoparticles (NPs). 
Plasma polymerization of hexamethyldisiloxane (HMDSO) in its 10 % mixture with Ar was used to synthesize 
the NPs by means of a gas aggregation cluster source (GAS). The total pressure of 45 Pa and the RF 
discharge power in a range of 20 - 80 W were used. The GAS was constructed to allow passing of a laser 
beam (446 nm) across the beam of the NPs at the distance of 2 cm behind the exit orifice and acquiring the 
scattered light either by an optical emission spectrometer or by a CCD camera. Although for 20 W power 
constant intensity of the scattered light was obtained, cycling instabilities were detected for higher power. Both 
amplitude and period of such fluctuations increased with the discharge power increasing from 40 to 80 W. 
Cycling repelling of NPs and formation of plasma voids are suggested as possible mechanisms for the 
observed phenomena. 

Keywords: Organosilicon nanoparticles, gas aggregation cluster source, light scattering,  
        hexamethyldisiloxane 

1. INTRODUCTION 

Gas aggregation source is a well-known tool for the production of various metallic NPs (Cu, Ag, Au, Ti etc.) 
[1]. Recently, this technique was adapted for the deposition of plasma polymer nanoparticles (ppNPs). It was 
shown that plasma polymerization can be performed either utilizing volatile precursors ( HMDSO, n-hexane 
etc.) or by RF sputtering of polymeric targets (nylon, PTFE etc.) [2]. Such nanoparticles have high potential in 
the fabrication of nanocomposite materials, for example, as fillers with unique chemical, physical or mechanical 
properties [3]-[5]. It is highly important to maintain a stable production rate of the NPs to allow good control 
over the amount of NPs embedded in the composites and to ensure better performance of the resulted coatings 
[6],[7]. However, plasma-based production of NPs often appears to be prone to the development of plasma 
instabilities which lead to the oscillations in the NP generation. Therefore, non-intrusive diagnostics methods 
are in high demand to control and analyze these processes. The aim of this work was to study the applicability 
of laser light scattering (LLS) technique for in-situ monitoring of the production of plasma polymer NPs by GAS. 

2. EXPERIMENTAL 

A gas aggregation cluster source of a Haberland’s type was used for the production of ppHMDSO NPs [8] 
(Figure 1). The GAS was equipped with a capacitively-coupled radiofrequency graphite electrode (8 cm in 
diameter) powered with an RF supply (Dressler Cesar 133, 13.56 MHz). The generator was used in a 
continuous wave mode with the power applied in a range of 20-80 W. Plasma polymerization was performed 
in a working mixture of Ar (purity 99.99%) and HMDSO (purity 98.5%, Sigma-Aldrich) at the total pressure of 
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45 Pa (Ar flow 2sccm/HMDSO flow 0.2 sccm). The GAS was ended with an orifice that connected the 
aggregation chamber with another vacuum chamber where the depositions were performed.  

  
Figure 1 Graphical visualization of the experimental setup 

A laser beam (446 nm, vertical polarization) was allowed to pass across the beam of the NPs behind the GAS 
at the distance of 2 cm from the orifice. The position of the laser beam was shifted at 5 mm below the axis of 
the orifice. The laser was powered by a DC power supply (U=5.4 V, I=780 mA). The scattered light was 
measured either by an optical emission spectrometer (AvaSpec 3648, Avantes) or by a CCD camera (Nikon 
D700). Both were situated 50 cm from the exit orifice so that the scattered light was acquired at an angle of 90 
degrees from the direction of the laser beam. OES spectra were obtained through a quartz window in the range 
of 350 - 850 nm with a constant integration time of 2000 ms. All scans were saved automatically every 15 s. A 
Nikon D700 camera with a 12.1-megapixel FX-format (23.9 x 36mm) CMOS sensor and 14-bit color resolution 
was used as an imaging device. The camera body was equipped with a kit 24-120mm, f/3.5-5.6G ED IF VR 
Nikkor zoom lens to provide high-quality images of scattered laser light. Scanning electron microscopy (SEM, 
Tescan Mira 3) with a secondary electron detector and the acceleration voltage of 15kV was used to study the 
morphology of the NPs. 

3. RESULTS AND DISCUSSION 

The formation efficiency (number) and growth process (size) of ppHMDSO NPs were found to be highly 
dependent on the working conditions (pressure, flow, power etc.) in the aggregation chamber. In this study, 
we changed the discharge power from 20 to 80 W to obtain the NPs with various size and fluxes. The SEM 
images reveal that the mean size of the NPs decreases from 240±61 nm to 78±8 nm with the increasing power. 
It is interesting to note that the size distribution becomes more narrow as the power increases. At the same 
time, the number density of the NPs increases from 1 NPs µm-2min-1 to 27 NPs µm-2min-1 (Figure 2).  
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Figure 2 SEM images of ppHMDSO NPs prepared at different RF powers with corresponding histograms of 

their size distribution (insets)  

It is known that Rayleigh-Mie scattering may occur when the laser beam passes through the beam of the NPs 
[9],[10]. In our experiments, the Nikon D700 camera detected the LLS as it is shown in Figure 3 for the case 
of 40 W power. The inset figure shows the decomposition of the original image into three components: Red, 
Green, and Blue. The scattered light is present only in the blue channel that coincides with the laser light 
wavelength. The profile of the intensity distribution of scattered light for different powers shows that the 
intensity grows, reaches the maximal value for 40 W power and then decreases at higher power. The non-
trivial dependence of the LLS intensity on power can be attributed to the competing effects of changing the NP 
size and their number in the beam.  

 
Figure 3 Image of the laser light scattering captured with the CCD camera. The left inset shows the 

decomposition of the original image into three RGB components. The right insert represents the intensity 
profile of LLS for different powers 

In Figure 4, the time evolution of the intensity of the scattered light is represented for 20, 40, 60 and 80 W 
power as measured at   = 446 nm by OES. In the case of 20 W power, almost constant intensity of the LLS 
was obtained. With the power increase, cycling instabilities become prominent while the amplitude and the 
period of such fluctuations increase.  In the RF discharge, the NPs experience numerous forces. The balance 
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between the forces may change with the growing size and the amount of NPs present in the discharge [11],[12]. 
After reaching a certain critical size, the NPs may undergo expelling from the discharge and a NP-free region 
(void) can be formed. The process then follows the same stages of the NP nucleation, growth to the critical 
size and the void formation [13],[14]. Such cycling instabilities have been often observed in dusty plasmas. 
Apparently, similar phenomena occur in the gas aggregation source as well. Under the studied conditions, the 
ppHMDSO NPs are produced in a cycling regime. The difference is that, in the case of GAS, the neutral drag 
force is higher, i.e. the pressure difference between the GAS and the deposition chamber provides a 
continuous flow of the gas along the aggregation chamber. As a result, the NPs produced by the GAS are 
smaller than those prepared in common dusty plasma reactors.   

 
Figure 4 Time evolution of the maximum intensity of scattered light at  = 446 nm as measured by OES 

4. CONCLUSION 

In this work, we applied a method of laser light scattering for in situ detection of the organosilicon NPs prepared 
by GAS. OES in combination with CCD camera was used as detector devices. The analysis of the acquired 
optical spectral lines revealed that this technique is suitable for in-flight detection of ppHMDSO NPs. It was 
found that under certain conditions the deposition process of NPs is not stable in time and can be characterized 
by periodic oscillations of the maximum intensity of the scattered light. Such a phenomenon is associated with 
a cycling formation and disappearance of the NPs.  
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Abstract  

Nanoindentation instruments are commonly used to study hardness, elastic modulus and other related 
mechanical properties at the nanoscale. They are a popular tool for the study and design of thin film systems, 
nanocomposites and other nanostructured materials and devices. Metrological issues such as uncertainty 
analysis and traceability are often treated only briefly. In many cases only the statistical variability is taken into 
account although the uncertainties of the method itself are in the range of percent. 

It is well known that the correct determination of the area function of the indenter plays a crucial role. However, 
this can also be a difficult step in the traceability measurement chain. 

The probably simplest and most widely used calibration procedure for area function is by measuring a well-
characterized reference sample. We analyze the uncertainties related to this procedure and compare the 
impact of different sources of uncertainties, such as quality of reference sample, data acquisition, data 
processing and choice of fitting procedure. The uncertainty analysis is performed using NIGET, an open-
source software for general nanoindentation data processing. 

Keywords: Nanoindentation, uncertainty analysis, area  

1. INTRODUCTION 

The determination of mechanical properties using nanoindentation is a well-established technique which has 
been used for decades for material assessment and quality control. In these tests an indenter with well-defined 
shape is pressed into the material and the response of the material in terms of the depth of the imprint and its 
area are converted into properties characterizing stiffness and hardness.  

With the improvement of nanoindentation instruments, the reduction of noise, improvement of thermal stability, 
the field of application broadened from the classical metals, ceramics and glasses to thin films, nanoparticles, 
nanocomposites as well as polymers and biological samples e.g. [1-6]. It has also been used to map surface 
properties across a sample surface, e.g. [7].  

Uncertainty analysis is often left aside. This is partly due to the fact that for many samples the variance due to 
surface roughness and/or sample heterogeneity is much higher than the expected uncertainties due to noise 
of the instrument. As noise has been largely reduced in modern instruments, the uncertainty of the contact 
area becomes an important source of uncertainty.  

The determination of the contact area itself remains a problematic aspect of nanoindentation measurements. 
This is a crucial quantity and the effects of incorrect determination of area when pile-up or sink-in occur are 
well-known [1, 8]. The recommended solution is to measure the indent using atomic force microscopy (AFM). 
For large numbers of measurements which are necessary for, e.g. mappings of nanocomposites or depth 
dependences of thin films this is hardly feasible. 

Methods which determine area function of an indenter tip at once are better suited for large numbers of 
measurements and automation. The tip can be either directly measured using AFM [9], this can be made easily 
traceable but is time consuming and the need to move the tip between the instruments presents a certain risk 
of damage. On the other hand, the calibration standard method [10] requires no tip manipulation, however, 
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traceability is problematic. Firstly, not all standard reference samples which are used for nanoindenters, such 
as fused silica or BK7 glass, are shipped with an appropriate calibration certificate for the elastic modulus. 
Secondly, the calibration procedure involves a large amount of highly complex data processing. This is usually 
performed within the instrument software and thus the user is limited by the details of the documentation and 
the variability of the software.  

In this work we will focus on the aspect of uncertainty propagation from the noise of the nanoindenter and 
uncertainty of the elastic modulus of the reference sample to the area function. The effects of the choice of the 
function to fit, the covariance model, the number of data, the uncertainty of the elastic modulus of the reference 
sample are analyzed and compared. The area function itself is rarely of interest, in the vast majority of cases 
the interest is in the hardness and elastic modulus whose uncertainties are also studied. Special attention is 
paid to very shallow indentations, since they are especially sensitive to numerical effects.  

1.1. Experimental 

Experimental data were measured using a Hysitron TI 950 nanoindenter and a BK7 reference sample. The 
Hysitron indenter has a very low noise floor below 30 nN in load and 0.2 nm in displacement with a resolution 
of 1 nN in load and 0.02 nm. The thermal drift was less than 0.05 nm/sec, the machine compliance was around 
1 nm/mN. 

BK7 is known for its highly homogenous mechanical properties, and good time stability. In this case the 
certificate provided by the manufacturer stated an uncertatinty of indentation hardness of 4 %. The uncertainty 
of Young's modulus was not stated, however, based on long term experience we assumed an analoguous 
value of 4 %. Young's modulus itself is stated as 90.47 GPa. 

The tip was a standard diamond Berkovich tip. Two tips were used, with a nominal tip radius of 50 nm and 
100 nm, respectively.  

One hundred nanoindentations were performed in a force-controlled regime with a linear loading period of 5 s, 
a hold period at the maximum load for 2 s and a linear unloading period of 5 s. The maximum load varied from 
0.1 mN to 11 mN.  

1.2. Data processing  

The standard Oliver-Pharr model [10] was used to determine the contact depth and contact area for each 
loading curve. We assume that the noise of depth and force sensors are Gaussian and independent. Since 
the contact depth and the contact area are determined from the same dataset, we expect them to be correlated. 
The contact areas from different measurements are correlated through the modulus of the reference sample  

The uncertainties and correlations were determined using the General Uncertainty Framework as described 
in GUM [11]. The uncertainties of the fitted variables were estimated as the square of the Jacobian of the fitted 
function [12]. All loading curves were processed using the open-source software NIGET 
www.nanometrologie.cz/niget. A fixed range of 20 -98 % of the maximum load was used as the fitting interval.  

The resulting depth-area data were fitted with a standard Oliver Pharr polynomial [10] 

퐴(ℎ) = 푐 ℎ + 푐 ℎ + 푐 / ℎ / + 푐 / ℎ / + 푐 / ℎ / + 푐 / ℎ /  

This form is used only for its mathematical convenience, apart of the first coefficient which is given by the 
geometry of the Berkovich tip there is no physical meaning to the coefficients. Usually, not more than 5 
coefficients are used, the number, however, should be adjusted to the situation. Some parameters can also 
be fixed. This is often used for the quadratic term, which is known from theory for an ideal tip. For a Berkovich 
tip, the coefficient is 24.5. The fitting method used does not guarantee the area to be nonnegative. This is of 
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course just a mathematical artifact due to fitting, which is manifested only at minimal depths, and should not 
affect any measurement. 

A weighted least squares algorithm with the composite covariance of both depth and area as weight was used 
for the fitting procedure [13,14]. The software package ODRPACK [15] was used for this.  

In order to assess the uncertainties both the uncertainty estimates based on the Jacobian as given by 
ODRPACK and a Monte Carlo approach as described in [16] were used. In the Monte Carlo approach a large 
number approx. 1000 of area curves are generated according to given distributions. Each of these area curves 
is fitted by a polynomial. A probability distribution of the coefficients is thus obtained. From this the uncertainty 
of the area can be calculated, and also the uncertainty of the modulus or hardness.  

The depth and area data were assumed to have normal distributions with a variance given by the uncertainty 
determined from the corresponding loading curve. Three different models for the correlation of the data were 
used: in the first case no correlation was taken into account, in the second case the correlation between each 
depth-area pair was taken into account, in the third case both the correlation between the depth-area pairs 
and among the area values was taken into account. 

2. RESULTS 

A typical area calibration curve for the sharp tip with 50 nm radius is shown in Figure 1. The full covariance 
matrix was used, i.e. both correlations between depth-area couples and between each area-area pair were 
taken into account. 

 
Figure1 Area calibration data (green) and the fitted tip area function (red), the area covered by the 

uncertainties of the area function is shown in yellow 

Note, that the area becomes negative for extremely shallow depths. This is a typical mathematical artifact for 
these functions. In fact in almost all cases, the area function does not vanish as the contact depth goes to zero 
but diverges either to positive or negative values. No problems should arise as long as the area function is 
evaluated within the interval covered by the calibration. Since we set the coefficient for the quadratic term to a 
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fixed value we do not expect any artifacts of this kind for large depth values. The uncertainty of the evaluated 
area function is approximately the same as the uncertainty of the measured area values.   

The number of polynomial coefficients to be fitted should be chosen such that the residual sum of squares is 
minimized. The residual sum of squares decreases up to n = 5, no significant improvements could be achieved 
for higher values of n. Visually, the different area curves are barely distinguishable. The mathematical stability 
tends to deteriorate with growing n. Notably, the behavior outside the fitted interval tends to be worse for higher 
values of n. The computational demands grow with the number of coefficients as well as the relative area 
uncertainty growth rate. These are all reasons to keep the number of coefficients as low as possible. In the 
following the numerical examples use the value n = 5 although the general trends are the same for all values. 
For the coefficients we obtained uncertainties between 23 - 30 % and correlations around 0.99. In the end, 
when calculating the total area the uncertainties from the different terms cancel due to the very high correlation. 
The resulting area uncertainty is much smaller: around 7.5 % for depth values within the interval [50, 250] nm 
which was used for the calibration and decreasing to 6.5 % for 500 nm to around 2 % for 2000 nm. The 
uncertainty decreases since the quadratic term which has a fixed coefficient becomes more important. 

The difference between the different covariance models manifests itself mainly within the fitted interval. 
However, it doesn't exceed 0.05 %. Not taking the correlation into account can decrease the relative 
uncertainty can from 7 % to only 2 %. The most notable trend when including the correlation between the 
individual area values is that the relative uncertainty of the area becomes less depth dependent. This reflects 
that ignoring the correlation between area values is over optimistic and leads to an underestimate of the 
uncertainty. 

It must be stressed that the quality of the whole calibration depends dramatically on the low depth data. In 
Figure 2 we show a comparison of two calibrations. Two things should be noted. Firstly, with growing order of 
the polynomial the behavior at very shallow depths values becomes more and more unphysical, as can be 
seen for values below 18 nm for tip A where only a polynomial with n=3 is usable. Secondly, this can be 
reduced if data for very shallow depths were included in the calibration procedure as is obvious when compared 
to tip B, which has a reasonable behavior also for n=4.  

 
Figure 2 Tip area function for two different tips and different choices of the order of polynomial 
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An interesting question is the relation between the quality of the fit and the amount of data. We tested this by 
comparing area calibrations obtained from datasets where a certain number of points where removed. 
Extrapolated area values are affected the most, especially those for very shallow depths. Within the fitted 
interval even keeping only every 10th point introduces a difference in area value as low as 2 %. For larger 
depths, e.g. up to 500 nm the difference grows up to 5 % with growing trend. The relative uncertainty of the 
area shows a similar behavior. 

Usually, we are not interested in the area function itself, but in the mechanical properties such hardness or 
Young's modulus. Therefore, it is interesting to note the individual contributions to the Young's modulus 
determined from the same loading curves. The contributions coming from the uncertainty of the slope, 
uncertainty of the contact depth, uncertainty of the polynomial coefficients and the correlation between the 
slope and contact depth are shown in Figure 3. It can be seen that the area calibration, i.e. the polynomial 
coefficients are the dominant contribution. Only for very low depths are other contributions significant. The 
relative uncertainty is approx. 3.7 %, i.e. slightly lower than the value of the reference sample. For the 
indentation hardness we find a similar behavior, the relative uncertainty is twice as large approx. 7.5 %. On 
other samples the effect of noise should be comparable and thus the area calibration should form the major 
contribution to the overall uncertainty. The uncertainty due to the choice of the contact point, however, has not 
been taken into account in this work. Based on preliminary results we expect the choice of the contact point to 
significantly affect the results, especially on rough samples where the contact point is more ambiguous. 

   
Figure 3 Comparison of the different sources of (relative) uncertainty of the reduced modulus 

Obviously, the uncertainty of the Young's modulus of the reference sample which was used for the calibration 
is crucial. Reference samples made of fused silica which reach an uncertainty below 0.5 % are commercially 
available. Unfortunately, it is not practical to acquire a set reference samples with a different uncertainty. 
Therefore, we compared the data to a hypothetical sample with a lower uncertainty of 0.1 %, 0.5 % and 1 %. 
As expected, the dominance of the contribution from the polynomial coefficients decreases with decreasing 
uncertainty of the reference sample's modulus. However, even for a fictitious sample with only a 0.1 % 
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uncertainty in modulus it remains the dominant term, forming around 75 % of the total uncertainty. For realistic 
reference samples and shallow depths its importance decreases as noise becomes the dominant source of 
uncertainty. 

When using the Monte Carlo method it is necessary to check that the results have converged with respect to 
the number of iterations. We found that the necessary number of iterations grows with the number of 
coefficients fitted and the complexity of the covariance model. Without correlation between area values even 
values as low as 1000 iterations were sufficient. When the correlation was included 50000 iterations were 
necessary. This corresponds to a computational time of tens of minutes in the worst cases.  

3. CONCLUSION 

We developed a new tool for the calibration of the nanoindenter area function and the evaluation its uncertainty 
budget. We used a Monte Carlo method for the determination of uncertainties and included the correlations 
between each depth-area pair and between the different area values. This model can be easily modified to 
include other sources of uncertainties. The relative uncertainty was found to vary only little for values which lie 
within the depth interval in which the calibration was performed with values between 6-7 %. For larger depth 
values the relative uncertainty diminishes. For smaller depth values, the area function often gives unphysical 
results. It was found that the uncertainties of the coefficients of the area function are the dominant source of 
uncertainty for the reduced modulus and hardness. For reference samples with lower uncertainty in elastic 
modulus this contribution can be decreased. The procedure is only weakly sensitive to the number of data 
points used for fitting. 
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