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SELF-ORGANIZED AGGREGATION OF A TRIPLE OF COLLOIDAL QUANTUM DOTS INTO 
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Abstract  

Dynamical model of self-assembly of nanoparticles in the field of laser radiation is developed and applied to 
the investigation of the possibility of the assembly of variously shaped structures comprised of the particles. 
Specifically, the computer model of the process of formation of structures with pre-defined geometry from a 
set of three initially isolated nanoparticles. The possibility of control of the geometry of the formed structure via 
the choice of the wavelength of external field.  

Keywords: Nanoparticles, nanostructure, self-assembly, quantum dots 

1. INTRODUCTION 

In recent decades, nanostructures with unique properties other than properties of a bulk sample and 
dependent on both composition and shape have been studying actively. Therefore, the problem of developing 
a universal method of nanostructures formation is a subject of interest of many scientists. The least expensive 
method of obtaining colloidal crystals, which doesn’t require a local physical impact on the system, is based 
on the ability of nanoparticles to self-organize in the process of random Brownian collisions in real disperse 
systems [1-4]. However, in such case it is impossible to control the processes of formation of nanostructures 
with predetermined shapes. Therefore, one of the possible solutions of this problem is the physical impact on 
the ensembles of nanoparticles that allows the formation of complex nanostructures without additional surface 
modifications [5-8]. However, it is not always possible to achieve the selectivity of the self-assembly process. 

Earlier in [9-11], it was shown that the interaction of resonant nanoparticles in the field of laser radiation makes 
possible the formation of predetermined structures, since the energy of the induced dipole-dipole interaction 
is sufficient to overcome the barrier that prevents spontaneous aggregation (which makes possible the 
formation a stable structure), and their geometry depends on the wavelength and the polarization of the 
external field. In this case, the formation of structures, which scale is much smaller than the wavelength of the 
laser radiation caused this polarization, becomes possible. The presence of optical resonances in the particle 
leads to an increase of the interparticle interaction and is the basis for the selective formation of different 
structures with a predetermined position of the particles in the aggregate. It becomes possible because the 
energy of the interparticle interaction in the laser radiation field depends on its frequency, the resonance 
frequencies of the particles, and on the orientation of their group relatively to the plane of polarization. 

The experiments [10] on the formation of pairs of colloidal quantum dots in the field of laser radiation have 
shown the possibility of realizing this method. The further formation of more complex structures (three or more 
particles) can be realized in the way of a step-by-step process, when a third particle is added to an already 
formed pair of particles, via selecting the wavelength of the external field. 
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In this study, a dynamic self-assembly model for a triple of particles in a laser field using Brownian dynamics 
is proposed. The possibility of forming a three-particle structure with a predetermined geometry from triple 
of isolated particles is studied. The obtained results allows to make significant progress in the study of the 
method of structures self-assembly in the field of laser radiation, which can be use as universal method to form 
structures with specified properties that will find application as sensors, photodiode elements and solar cells. 

2. RESULTS AND DISCUSSIONS 

In the present study, we used the computational model described in [11]. Using this model, the possibility 
of formation the structures under the action of laser field via a two-stage process was earlier shown [11], when 
a third particle was adjoined to a previously formed pair of particles. Such approach, however, requires certain 
complications of the experimental procedures. Present study the possibility of formation of structures with pre-
defined geometry in the course of self-assembly of three separated particles under the action of the field 
of short pulse laser radiation. The parameters of the medium and of the particles are analogous to those 
considered in [11]. The nanoparticle’s parameters correspond to the parameters of CdTe quantum dots with 
average diameter 3 nm (the wavelength of the first exciton transition λ=525 nm, Δλ=3 nm, electric dipole 

moment of the transition 3442
12 1091.1 mJ⋅⋅ −=d ). The choices of the material and of the size of QDs are the 

factors that determine both the resonant wavelength of exciton transition and the stability of QDs under the 
action of laser radiation.  

As the result of computer modeling, the dependences of the probabilities of structures’ formation on the 
external laser radiation wavelength were obtained. As it was shown earlier in [9,10], the interaction of dipole 
polarizations induced on QD by laser field in the given structure leads to the shift of resonances of QDs in 
comparison to those of isolated particles, and this shift is dependent on the position of QDs with respect to the 
polarization plane of laser field. Therefore, interparticle interaction energy is determined by the laser 
wavelength, intensity and polarization, which leads to the spectral selectivity of the structure obtained. Figure 1 
depicts such dependence of maximum probability of linear structure formation. In general, it was found that at 
certain wavelengths choices the formation of three types of stable structures: “line” (Figure 1, θ=0º), “angle” 
(θ=90º) and “pyramid” (θ=120º). 

 

Figure 1 Dependence of the maximum of the probability of formation of the structure of “line” type on the 
external field wavelength 
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As one can see from Figure 1, the probability of “line” type structure formation reaches 12 % per a single pulse 
with 10 ns duration; in case when laser irradiation is performed in the long wavelength part of the spectrum, 
only line type structures are formed, evidencing high selectivity of self-assembly process. Irradiation in the 
short wavelengths part of the spectrum are shown to be favorable for the formation of other types of stable 
structures as can be seen in Figure 2.  

 

Figure 2 Dependence of maximum probability of formation of structures of a pyramid and angle types on the 
wavelength of external field 

As one can see in Figure 2, radiation in the short wavelength range allows formation of two types of stable 
structures (“pyramid” and “angle”) with a good selectivity on the wavelength. However, since for three particles 
unfixed in space it is impossible to use the selection on the laser field polarization, in these case the formation 
of both structures is expected to happen with approximately equal probability (10 % и 7.5 %).  

Therefore, formation of structures is shown to be possible with the help of a laser with 10 ns pulse duration. 
Using of longer pulses as well as higher intensity is not unambiguously useful since they will lead not only 
increase of formation probability but decrease of the selectivity formation of pre-determined structure on the 
laser frequency. Increase of repetition rate of laser pulses will lead to the increase of overall probability 
of structures’ formation per the unit of time, however, it can produce the radiation heating of a solution.  

3. CONCLUSION 

The possibility of formation of structures with pre-defined configuration in the field of laser radiation is shown 
via computer modeling. Using laser pulse with short duration of order of 10 ns, three types of stable structures 
can be obtained. The geometry of structures depends on the external field wavelength that allows performing 
their selective formation. Linear structures will be formed for the laser wavelengths in the 720-780 nm range, 
and the mixture of structures of two types (“pyramid” and “angle” will be formed under irradiation in the 420-
460 nm range.  
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Abstract 

The impact of GeO2 on the sintering kinetics and mass transfer mechanisms in tetragonal zirconia 
nanopowders has been investigated. The shrinkage kinetics of 3Y-TZP was investigated by the dilatometry 
analyses. The constant rate of heating method was used to determine the dominant mass transfer 
mechanisms at the initial sintering stage. It was found that GeO2 in depends on the synthesis method and its 
amount caused the viscous flow mechanism participation at the initial sintering stage. The sintering mechanism 
in co-precipitated 3Y-TZP-GeO2 powders was changed from volume diffusion mechanism to the volume 
diffusion with viscous flow mechanism. In mixed 3Y-TZP-GeO2 powders, the sintering mechanism changed 
from grain boundary diffusion to the volume diffusion with viscous flow mechanism participation. In both types 
of nanopowders such sintering mechanism changing leads to the activation energy of sintering decreasing that 
reduces a sintering temperature and activates the densification process in 3Y-TZP. 

Keywords: Zirconia, nanopowders, nanocomposites, sintering, additives 

1. INTRODUCTION 

Tetragonal zirconia (Y-TZP) ceramics is commercially very significant material, which used as an anode 
material in SOFCs, as a catalyst oxygen sensor and structural, medicine materials because of its physical and 
mechanical properties such as: high strength and fracture toughness, chemical and radiation resistance, ionic 
conductivity, biocompatibility, etc. [1]. It is known that ceramics properties strongly depend on the powders 
structure, thus, it is necessary to control the characteristics of nanoparticles’ structure such as particle size, 
porosity, density, agglomeration degree, surface properties etc. [2-3]. Ceramic materials with improved 
physical and mechanical properties can be obtained by doping of 3Y-TZP with different additives. Matsui, 
Sakka and Suarez have reported that low amounts of Al2O3 lead to an increase in the strength and hardness 
of the zirconia ceramic [4-6]. GeO2 and SiO2 cause a super plasticity of the sintered material, the addition 
of NiO is used to create of solid oxide fuel cells [1]. Regarding the production of nanoparticles with given 
properties, not only doping by additives but also synthesis conditions have a great effect which leads to the 
powders structure modifying as was shown in our previous studies [7-9]. Additives can form solid solutions in 
zirconia lattice [1,3]. In addition, dopants create different defects and active centers on the particles' surface, 
which caused significant changes in nanopowders characteristics [2-3]. Zirconia nanopowders structure 
modifying by dopants influences on the sintering and can effect on the mass transfer mechanisms at the initial 
sintering stage [1, 4-6]. Different additives influence on the zirconia densification as well as a synthesis 
conditions in a different way. The sintering can be activated and slow down by dopants addition in depends on 
synthesis methods and additives amount [2-3]. One of the topical problems of materials science today is 
zirconia based ceramics with improved properties and activation of its sintering process. The main goal of the 
present study is to study the effect of GeO2 addition on the 3Y-TZP nanopowders’ structure and investigate 
influence of GeO2 on the densification and mass transfer mechanisms at the initial sintering stage. 
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2. METHODS  

For the investigation the nanopowders ZrO2+3 mol% Y2O3 (3Y-TZP), 3Y-TZP+ n∙GeO2, PMM8-3Y-TZP+ 
n∙GeO2 obtained by co-precipitation and mechanical mixing methods were used. Where n is the additive 
amount, n = 0.2, 1, 2, 3, 5 wt% and PMM8 marks of mixed and milled for 8 h powders. 3Y-TZP was synthesized 
using of ZrOCl2⋅nH2O, Y(NO3)3⋅nH2O salts. The preparation technique is described in studies [7-9]. After 
precipitation, the synthesized hydrogels were dried in a microwave furnace with output power of 700 W and at 
a frequency of 2.45 GHz. The dried hydroxides were calcined in a resistive furnace at 1000 °C with for 2 h. 
Calcined at 1000 оC for 2 h 3Y-TZP and GeO2 nanopowders were mixed in the planetary mill (MSK-SFM-1 
(MTI Corp., USA) at 400 rpm for 8 h using YSZ milling balls).Thereafter, all nanopowders were pressed at 300 
MPa and sintered up to the 1500 оC with different heating rates of 2.5, 5, 10, 20 оC /min in the dilatometer 
(NETZSCH DIL 402 PC). The shrinkages data of specimens during sintering were measured by dilatometry. 
Thermal expansion of specimens was corrected with the cooling curve [4-5]. The final density of sintered 
specimens was measured by the Archimedes method. The lattice parameters, phase compositions and 
crystallites size of all nanopowders were investigated by X-ray diffraction (XRD) employing the Dron-3 
diffractometer with Cu-K α radiation using the Debay-Scherrer equation. Fitting and analysis of the XRD curves 
were made by Powder Cell. The particles size and powders structures were studied by the transmission 
electron microscope TEM (Jem 200A, JEOL, Japan). The microstructures of the sintered ceramics were 
studied by scanning electron microscopy (JSM 6490LV JEOL) after polishing and thermally etching 
of specimens’ surfaces (at 1450 оC for 0.5 h). The standard constant rate of heating (CRH) technique was 
used to analyze the obtained dilatometric data [4-6]. Using the CRH technique let to identify the sintering 
parameter n and activation energy of sintering Q. Considering that if n = 1, this means that the viscous flow 
mechanism dominates (VF). If n =0.4-0.5, the volume diffusion mechanism (VD) dominates and if n = 0.3-0.4, 
the grain boundary diffusion mechanism (GBD) dominates [4-6]. 

3. RESULTS AND DISCUSSION 

The characteristics of the 3Y-TZP-GeO2 nanopowders are shown in the Table 1. The XRD spectra 
of nanopowders 3Y-TZP, 3Y-TZP+2 wt% GeO2, PMM8-3Y-TZP+2 wt% GeO2 synthesized by mixing and co-
precipitation techniques are present in the Figure 1. GeO2 additive were not detected as a separate phase in 
3Y-TZP as can be seen from the Figure 1a (the additive’ peak should be situated within 25-27 degree in the 
XRD pattern). The GeO2 does not effect on the phase composition of zirconia but 8 hours of milling leads to 
the monoclinic phase amount increasing up to 15.5 % in the initial PMM8-3Y-TZP and to 25 % in PMM8-3Y-
TZP-5 wt%GeO2. Crystallites size of all investigated nanopowders decrease and its specific surface area 
increasing at the same time (Figure 1b, Table 1).  

 
Figure 1 The XRD patterns of nanopowders (a): 1- 3Y-TZP; 2-3Y-TZP-2 wt% GeO2; 3-PMM8-3Y-TZP-2 wt% 

GeO2 and (b) the lattice parameters crystallites sizes changing of the investigated nanopowders 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

20 

Figure 1b shows that GeO2 has a greater effect on the particles’ size and the lattice parameters of zirconia in 
co-precipitated(black curves) powders than in mechanically mixed powders (blue curves). In the Figure 2 the 
nanopowders’ structure of co-precipitated and mixed nanopowders are shown. The separate GeO2 phase was 
observed in mixed 3Y-TZP-GeO2 powders (Figure 2e, f). Moreover, as was mentioned above the GeO2 was 
not detected as a separate phase by XRD in contrast to the mixed powders (Table 1, Figure 2). Thus, it can 
be concluded that in 3Y-TZP-GeO2 system obtained by co-precipitation was the solid solution GeO2 with 
zirconia matrix created because of precipitation. Mixed PMM8-3Y-TZP-GeO2 powders systems create a two-
phase structure (separate phases of GeO2 and 3Y-TZP). The decrease in the crystallites sizes, for example, 
from 29 nm to 19 nm in case of PMM8-3Y-TZP-5 wt % GeO2 nanopowder was caused by milling because the 
solid solutions were not created in mixed nanopowders (Figure 1b, Table 1). 

Table 1 The XRD and BET analysis results 

Nanopowders composition % М-
phase 

Particle 
size, nm 

Lattice parameters, Å SБЕТ, g/m3 

3Y-TZP 4 31.5 a=5.0980, c=5.17396 14.2 

3Y-TZP-0.2 wt % GeO2 4 31.5 a=5.09613, c=5.17186 10.2 

3Y-TZP-1 wt % GeO2 2 30.5 a=5.09613, c=5.16893 11.0 

3Y-TZP-2 wt % GeO2 1 28 a=5.09175, c=5.1677 14.0 

3Y-TZP-3 wt % GeO2 1 25 a=5.09065, c=5.16695 16.0 

3Y-TZP-5 wt % GeO2 0 23 a=5.09065, c=5.16695 19.0 

PMM8-3Y-TZP 15.5 29 a=5.095163, c=5.16670 19.9 

PMM8-3Y-TZP-0.2 wt % GeO2 12 29 a=5.095163, c=5.16670 19.9 

PMM8-3Y-TZP-1 wt % GeO2 13 28 a=5.095163, c=5.16670 19.7 

PMM8-3Y-TZP-2 wt % GeO2 22.5 23 a=5.095163, c=5.16670 19.5 

PMM8-3Y-TZP-3 wt % GeO2 23 19.4 a=5.095163, c=5.16670 19.2 

PMM8-3Y-TZP-5 wt % GeO2 25 19 a=5.095163, c=5.16670 18.9 

M-the monoclinic phase amount, standard deviation of the lattice parameters determination is Δa = ±00006, 
Δc = ±0.0005. 

 
Figure 2 TEM images of nanopowders (a) 3Y-TZP, (b) 3Y-TZP-2 wt% GeO2, (c) 3Y-TZP-5 wt% GeO2, 

(d) РММ8-3Y-TZP, (e) РММ8-3Y-TZP-2 wt% GeO2, (f) РММ8-3Y-TZP-5 wt% GeO2 
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The densification kinetics of 3Y-TZP with 2 wt% GeO2 specimens obtained by both methods is shown in the 
Figure 3a. As can be seen GeO2 additive causes the densification rate changing in 3Y-TZP nanopowders. 
Namely, the temperature value of maximum densification rate (dρ/dT) in co-precipitated and mixed 3Y-TZP 
powders with GeO2 shifted to smaller values of temperatures (Figure 3a). This means that all specimens with 
GeO2 were sintered faster than initial 3Y-TZP and PMM8-3Y-TZP powders without additive. Thus, can be 
concluded that GeO2 accelerates the sintering of 3Y-TZP. 

 
Figure 3 Temperature dependence of densification rate of nanopowders (a): (1) - 3Y- TZP; (2) - РММ8-3Y; 
(3) - 3Y- TZP -2 wt% GeO2, (4) - РММ8-3Y- TZP -2 wt% GeO2 at 10 0С/min and (b) the sintering mechanism 

changing in 3Y-TZP- GeO2 

The dominant mass transfer mechanism in all investigated specimens at the initial sintering stage has been 
determined using the CRH technique [4-6]. The Figure 3b shows the sintering mechanism changing in all 
investigated specimens according to the additive amounts and synthesis methods. As can be seen from the 
Figure 3b the co-precipitated 3Y-TZP-GeO2 specimens were sintered due to the VD mechanism domination. 
But with additive amount increasing (1-5 wt%) the parameter n tends to 1 and this means that the sintering 
occurred with the participation of the viscous flow mechanism (VF). The liquid phase effected on the 
densification of 3Y-TZP-GeO2 and caused the activation energy of sintering decreasing that led to the sintering 
process activation. 

In mixed PMM8-3Y-TZP-GeO2 specimens the sintering mechanism changing from GBD to VD with a small 
amount (0.2 wt%) of GeO2 addition was observed. Similarly, the parameter n tends to 1 with additive amount 
increasing (1-5 wt%) and this means that the VF mechanism participates in sintering process too.  

The VF mechanism was caused by the low melting point of GeO2 (T=1116 oC) which coincides to the 
temperatures of the initial stage of sintering. The boiling point of GeO2 is 1200 °C. Due to these facts, GeO2 
leaves the solid solution with temperature increasing during sintering, activates the VF mechanism and 
evaporates in co-precipitated powders. The same GeO2 behavior was observed in mixed nanopowders but 
the melting and evaporation started earlier since at the beginning of sintering GeO2 was a separate phase in 
3Y-TZP. Based on XRD, TEM, SEM, dilatometry data the scheme of the GeO2 behavior was build. The scheme 
and SEM images are shown in the Figure 4 to confirm the results of investigations and our conclusions.  

As can be seen from the Figure 4 the initial nanopowders states of obtained by different methods were the 
solid solution (1.1) and two-component mix of 3Y-TZP and GeO2 (2.1). At the initial sintering stage the solid 
solution decomposition (1.2, 2.2), melting and evaporation of GeO2 occur in both types of powders. Because 
of sintering of different nanopowders types (1.3 and 2.3) the ceramic materials with the single-phase 3Y-TZP 
structure without GeO2 was obtained (this confirmed by SEM images at 1200 and 1500 0C as shown in the 
Figure 4).  
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Figure 4 The scheme of GeO2 behavior during 3Y-TZP sintering and SEM images of 3Y-TZP-2 wt% GeO2, 
PMM8-3Y-TZP-2 wt% GeO2 

CONCLUSION 

The impact of GeO2 addition on sintering kinetics of tetragonal zirconia nanopowders has been investigated. 
The following results were obtained: i) The predominant sintering mechanism in the initial 3Y-TZP prepared 
by co-precipitation was VD mechanism and GBD in mixed PMM8-3Y-TZP nanopowders; ii) The small amount 
of the GeO2 in mixed nanopowders led to the sintering mechanism changing from GBD to VD; iii) The additive 
amount increasing (1-5 wt%) in both types of powders (3Y-TZP-GeO2, PMM8-3Y-TZP-GeO2) caused the 
participation of the VF mechanism in sintering process. It was found that the GeO2 accelerated the sintering 
process and helped create a single-phase 3Y-TZP ceramics with a narrow grain size distribution, which can 
have the most favorable effect on the properties of obtained ceramic materials for the functional application. 
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Abstract  

Quantum dots (QDs) are of great interest for creating optoelectronic devices due to their tunable bandgap, 
high stability and simple solution processability for device fabrication. One of the ways to increase the 
efficiency of such devices is to combine QDs with different carbon nanostructures. Lead sulfide PbS QDs with 
a ligand shell of oleic acid (OA), methylammonium iodide (MAI) and PbI2 were employed to study the process 
of charge transfer process between QDs and sheets of reduced graphene oxide (rGO) and graphene oxide 
(GO). QDs have been linked to graphene sheets by the (3-mercaptopropyl) trimethoxysilane in colloidal 
solution. As a result, we observed a change in intensity and kinetics of QDs PL, that allowed to estimate the 
efficiency of the charge transfer. The transfer efficiency for the QD-rGO system was found to be higher than 
that of the QD-GO system, ~ 80 % vs. 66 % respectively. Modification of the QDs surface with MAI and PbI2 
allowed to achieve a charge transfer efficiency of up to 83 % and 89 %, respectively. 

Keywords: Colloidal quantum dots, reduced graphene oxide, graphene oxide, PbS 

1. INTRODUCTION 

Lead sulfide colloidal quantum dots (CQDs) have widely spread as a material for optoelectronic devices 
including photodetectors [1,2], light-emitting diodes [3,4], and solar cells [5-7] due to their huge bandgap 
tunability, multiple-exciton generation effect and facile solution-processing. Most common tools to improve the 
properties of such devices are CQDs surface passivation and optimization of the device structure. For 
example, outstanding stability was achieved in solution-processed CQDs solar cells even in ambient air 
conditions through surface passivation [8]. Recent advances in QD solar cells fabrication by device architecture 
engineering, surface passivation and layers optimization led to reported certified power conversion efficiency 
(PCE) of 11.6 % [9]. However, a lot of challenges is still to go. One of the main problems for PbS based 
optoelectronic devices is their rapid degradation under the high relative humidity of ambient air. Recently, it 
was shown that creating hybrid materials with graphene for active layer fabrication results in the reduction 
of moisture sensitivity in non PbS based devises [10-14] as well, as in PbS based solar cells [15]. Beside this, 
combing PbS CQDs with graphene materials is a promising way to fabricate highly effective photodetectors 
[16,17] and phototransistors [18,19]. In such devices, the charge carriers are generated in the CQDs and after 
this electrons are transported to the graphene layer according to the energy structure of CQDs-
graphene/rGO/GO interface that schematically depicted in Figure 1 for rGO/PbS case. The charge transfer 
efficiency of this interface limits the efficiency of this type of devices.  

In our study we involved time-resolved PL characterization to evaluate the speed of charge carrier transfer 
speed in the blend of PbS CQDs and rGO/GO sheets. The PbS CQDs were attached to the rGO and CO 
sheets using the organic linker molecule. Moreover, the surface of QDs was modified by PbI2 and MAI to 
improve the CQDs quality and optimize the charge transfer efficiency.  
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Figure 1 Schematic energy diagram of PbS-rGO 

2. MATERIALS AND METHODS 

Stabilized with poly(sodium 4-styrenesulfonate) rGO and GO water dispersions were purchased in Sigma-
Aldrich (900197 and 777676 aldrich). Moreover, we prepare thin films from both dispersions to ensure the 
parameters of materials using SEM and AFM. Figure 2 illustrates a typical single rGO sheet. The thickness 
we found trough AFM measurements was approximately 1 nm for both materials. 

 

Figure 2 SEM image of rGO sheet 

The oleic acid (OA)-capped PbS CQDs were synthesized via well-known protocol from [20]. Briefly, 1 mmol 
PbO (99.99 %, Aldrich), 4 mmol OA (90 %, Fisher) and 10 ml octadecene (ODE) (90 %, Acros) were mixed in 
the three-neck 25 ml for Pb precursor preparation. The mixture was heated up to 170 °С under vacuum for 
approximately 30 minutes until clarification and flushed with Ar. At T=134 °C the mixture of 0.2 mmol 
hexamethyldisilathiane ([TMSi]2S) in 0.5ml ODE was swiftly injected and heated for 10 min. The reaction was 
quenched by cooling down in Ar atmosphere and by the addition of acetone to precipitate the PbS 
nanocrystals. The solution was centrifuged (6000 rpm, 10 min), redispersed in hexane (Sigma-Aldrich) and 
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precipitated 2 more times with acetone. The final nanocrystals were redissolved in toluene for further use and 
measurements.  

The iodide-capped PbS was obtained by modifying OA-capped PbS via protocol from [21]. In short, 0.02 M 
PbI2 solution in 12 ml of dimethylformamide (DMF) and 6 ml of methanol was injected into a suspension of as-
prepared PbS nanocrystals (2 mL, 50 mg mL−1). The resulting solution was shaken for 1−2 min, leading to a 
precipitation of the PbS nanocrystals. After centrifugation, the PbS nanocrystals were redispersed in a mixture 
of 1,2-dichlorobenzene (DHBZ)(1 mL) and butylamine (BA) (0.2 mL). MAI treatment as well was provided using 
OA-capped PbS in the prolonged protocol described in [22].  

The CQDs were attached with the rGO/GO sheets using 3-mercaptopropyltrimethoxysilane(MPTS), as 
described in [23]. For MPTS treatment of CQDs, MPTS was added in toluene/DHBZ:BA/DMF OA/iodide/MAI-
capped CQDs solution with vortexing for 2 minutes. The solution was precipitated by acetone with 
centrifugation (6000 rpm, 10 min) and redispersed in the initial solvent.  

3. RESULTS AND DISCUSSION 

We prepared a series of samples to make our 
calculations precise. In the beginning, we simply 
spin-cast GO and OA-capped PbS CQDs layers 
one after another and observed no decrease in 
PL lifetime compared to the OA-capped PbS 
CQDs on the glass. In this case, OA acts like 
isolator and further, we believe that the change 
in PL kinetics was induced by the charge transfer 
process. Otherwise, when the iodide-capped 
PbS CQDs were spin-coated on GO layer we 
observe the 30 % decrease of the PL lifetimes 
because iodide shell is conductive. Then, we mix 
CQDs by the MPTS. On Figure 3 one can 
observe the Pl spectra from OA-capped PbS 
CQDs in toluene, MPTS-treated OA-capped 
PbS CQDs in DMF and OA-capped PbS CQDs 
- MPTS - GO blend in DMF. MPTS treatment 
results in redshift in spectra accompanied by an 
increase of PL lifetimes. Such behavior is in 
contrast to the [23], where 11-mercaptoundecanoic acid treatment was provided to obtain reference PL 
lifetimes and results in a decrease of PbS CQDs PL lifetimes. We believe the change in surface passivation 
and medium permittivity affect our CQDs in this way. However, the difference in synthetic protocols and in the 
applied chemical treatment can explain such discrepancy in the results.  

For all of our blend samples we provide our calculations via the next two equations from [24] and [23]:  

��� = 1
�	
��� − 1

����              (1) 

where: 
ket - the rate of electron transfer 

τblend - the decay time of QD-GO/rGO blend 

τref - the decay time of MPTS treated CQDs 

� = ���
����� !"��� !# = 1 − � �$

�%&�'"             (2) 

Figure 3 PL spectra of the OA-capped PbS, OA-
capped PbS treated with MPTS and OA-capped PbS -

GO blend 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

27 

where: 
krad - the radiative decay rate  

ktrap - the rate of trapping carriers on CQDs surface 

kref - the decay rate of MPTS treated CQDs 

kblend - the decay rate of QD-GO/rGO blend  

Our calculations for the samples are given in Table 1. This is noticeable that transfer speed calculations give 
opposite results to the efficiency calculations in the case of OA-capped CQDs and MAI-capped CQDs. In this 
case the different shell compositions result in different ktrap and krad rates, what counts like (∆ktrap +∆krad) linear 
mistake for decay rates calculations and like a nonlinear mistake in efficiency calculations. Both parameters 
for iodide-capped CQDs case are outstanding in comparison to all other structure types. It is obvious that the 
iodide shell around the CQDs core provides easier charge transfer because of better conductivity. 

Table1 The charge transfer rate and efficiency of the charge transfer rate for the obtained samples 

Sample ket, s-1.106 η, % 

OA capped PbS+rGO 6.8 80 

Iodide capped PbS+rGO 7.4 89 

MAI capped PbS+rGO 6.6 83 

OA capped PbS+GO 4.3 66 

Figure 4 illustrates the formation of a spin-coated film from our solution. There are rGO sheets densely 
occupied by the CQDs. It should be emphasized, that the values of charge transport efficiency strongly depend 
on the CQDs-rGO proportion. For our study, we employ actual proportions that result in effective device 
following [6]. The enlargement of rGO content results in the further decay of PL lifetime. For example, 10-time 
amplification of the rGO content in MAI capped PbS+rGO blend leads to an increment of decay rate to ket=17.9 
and transfer efficiency to η=93 %. However, such blend proportions do not result in high performance in despite 
better charge transfer.  

 

Figure 4 SEM image of the spin-coated film of OA-capper PbS-GO blend 
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4. CONCLUSIONS 

Our group produced a series of experiments that clarify the PbS-rGO/GO charge transfer mechanism. MPTS 
organic linker forms a well-defined CQDs-rGO/GO system providing both a mechanical connection between 
system components and better charge transport. The shell also plays an important role in charge process; the 
iodide shell affords 89 % charge transport efficiency against 80 % in case of basic OA-capped CQDs. The 
efficiency and transfer rate values were calculated for real device components proportions. The SEM 
measurements show that CQDs-rGO/GO system forms layers that similar to the rGO/GO layers. The results 
of our findings reveal details that could important for engineering of solution-processed photovoltaic devices. 
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Abstract 

GaN/AlGaN-based high electron mobility transistors (HEMTs) attain better performance than their state-of-the-
art full silicon-based counterparts, offering higher power, higher frequency as well as higher temperature 
of operation and stability, although their voltage and current limits are somewhat lower than for the SiC-based 
HEMTs. GaN/AlGaN-based HEMTs are a potential choice for electric-powered vehicles, for which they are 
approved not only for their power parameters, but also for their good temperature stability, lifetime and 
reliability. It is important to optimize HEMT structures and their growth parameters to reach the optimum 
function for the real-world applications. 

HEMT structures described and discussed here were grown by MOVPE technology in AIXTRON apparatus 
on (111)-oriented single-surface polished 6" Si substrates. 

Structural, optical and transport properties of the structures were measured by X-ray diffraction, optical 
reflectivity, time-resolved photoluminescence and µ-Raman spectroscopy.  

Keywords: HEMT, MOVPE, nitrides, quantum well 

1. INTRODUCTION 

There are many approaches how to prepare HEMT structures which can be used for many potential application 
namely for electric-powered vehicles, for which they are approved not only for their power parameters, but also 
for their good temperature stability, lifetime and reliability. GaN can be the semiconductor of choice for power 
converters throughout vehicle electronics with devices capable of switching as much as 100 A at 900 V. 

Silicon-based insulated gate bipolar transistors (IGBTs), superjunction MOSFETs and HEMTs are 
fundamental components of current power electronic systems for the conversion, control and conditioning 
of electrical energy. If silicon devices were to be replaced by a more efficient semiconductor such as GaN, 
compact converters with ultra-high density could be designed only because the breakdown strength and 
electron mobility in GaN are much higher [1,2]. GaN based HEMTs are very hot topic. There are about 5 000 
papers at Web of Science and more than 50 review articles. We can recommend topical review “The 2018 
GaN power electronics roadmap“ [3] and the literature cited there. Industrial companies (eg. Transphorm, EPC, 
Panasonic, Infineon, GaN Systems, Dialog and Navitas) made much investments of a wide variety of markets 
exploring the use of the technology in new circuit topologies, packaging solutions and system architectures 
that are required to achieve and optimize the system advantages offered by GaN transistors, nevertheless it 
is important to optimize HEMT structures and their growth parameters to reach the optimum function for the 
real-world applications. A small part of this effort is presented in the article [3]. 

2. EXPERIMENTAL 

MetalOrganic Vapor Phase Epitaxy (MOVPE) is the leading technology currently; Molecular Beam Epitaxy 
(MBE) covers only few percent of structure growing, mainly for the research. 
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The structure No. 6516 presented in this article was grown with MOVPE 
AIXTRON apparatus on (111)-oriented single-surface polished 8" Si 
substrates. GaN/AlGaN structure is shown in Figure 1. 

The second structure No. 6508 used in 2.1.2. and 2.1.4. sections as a 
reference sample was grown on (111)-oriented single-surface polished 
6" Si substrates with slightly different Al and Ga composition in the AlGaN 
layers (see Figure 8). 

Room-temperature time resolved photoluminescence (TR-PL) was 
excited by the four harmonic wavelength of a femtosecond laser Pharos 
(257 nm, 4.8 eV) with pulse duration of 160 fs, energy 17 µJ and 
repetition rate of 1 kHz. PL detection was carried out by a Hamamatsu 
streak camera. 

Raman and steady-state photoluminescence (PL) spectra were 
measured at RT using LabRAM HR Evolution Raman microscope in 
backscattering configuration. The PL spectra were excited with a 325 nm 
laser line and the Raman spectra with a 532 nm line, both with a circular 
spot of about 1 µm in diameter. The signal was collected from the top 
of the wafer in z(y,-)-z configuration in Porto´s notation. The Raman 
measurements were performed with spectral resolution better than 
1 cm-1. 

 

2.1. Measurements and discussion 

2.1.1. X-ray diffraction measurement 

The sample exhibits rather good crystallographic quality, as can be seen in Figure 2. 

 
Figure 2 X-ray diffraction measured of GaN (002) ω FWHM - 9 points cross-map. GaN (102) ω FWHM in 

center point = 1234 arcsec 

2.1.2. Optical reflectivity 

Reflectivity of two different HEMT structures and a bare Si substrate was measured from 1.2 to 5.1 eV - see 
Figure 3. The lateral homogeneity of the wafers was tested by taking the spectra at several positions, the 

Figure 1 HEMT structure No. 
6516 grown on 1.15 mm thick 

Si substrates with diameter 
of 200 mm 
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diameter of the circular measurement area being about 1 mm. Interference (Fabry-Perot-like) pattern below 
the gap of GaN (~3.4 eV) is due to the coherent reflections in the buffer and channel layers. Above ~3.5 eV, 
the spectra show reflectivity of the opaque GaN channel layer, modified by the presence of a thin AlGaN barrier 
layer. The latter leads to pronounced spectral changes around the energy of the (exciton) bandgap, moving to 
higher photon energies with increasing Al content (the arrows in Figure 3). 

 
Figure 3 Reflectivity of two HEMT samples 6516 and 6508, measured at their center and 1 cm off center - 

red and blue colors 

A closer look at the spectral positions, using the second derivatives of the reflectance in order to localize the 
transition energies, leads the Al contents of 15 and 22 at. % for the 6516 and 6508 samples, respectively. 
These estimates are rather different from the nominal values of 24 and 25 at. % Al. 

2.1.3. Steady-state photoluminescence 

The micro-PL spectra excited with three different intensities of 325 nm line are presented in Figure 4. We can 
distinguish in these spectra three maxima: the first one at 360 nm is due to emission of GaN exciton, the 
second one between 500 nm and 720 nm is the well-known yellow band (YB) of GaN defects and, between 
them, a low intensity emission from 400 nm to 500 nm corresponding to unidentified defects which are still 
under discussion. The spectra are normalized to the exciton peak intensity, and strong saturation of the YB for 
higher excitation intensities is evident. 

 
Figure 4 Comparison of PL spectra normalized to exciton peak intensity excited by three different excitation 

intensities. Relative contribution of YB luminescence is decreasing with excitation intensity due to a long decay 
time and saturation of this maximum 
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2.1.4. Time resolved photoluminescence 

TR-PL and PL decay time at 555 nm of the GaN YB measured at our HEMT sample are shown in Figure 5. 
This emission band is modulated due to the interferences in some of thin layers, most probably that of GaN 
400 nm thick. Decay time for 1/e of intensity is 34 µs. 

 

Figure 5 PL decay at 555 nm: decay time (1/e) = 34 µs. Insert: Two-dimensional map of TR-PL of the 
complete YB at 520-760 nm 

Rather fast TR-PL emissions at around 360 nm (3.44 eV) - probably from the 400 nm thick GaN layer -, and 
at 315 nm (3.93 eV) - probably exciton from a 25 nm thick AlGaN barrier, are shown in Figure 6. The sample 
was excited as described above, only the repetition frequency was of 3 kHz. Detection was carried out again 
by the Hamamatsu streak camera; notice, however, that the time scale here is by 6 orders of magnitude faster. 

The PL peak at 315 nm (3.93 eV) cannot be excited by the 325 nm laser, but its spectral position is probably 
indicated in the reflectivity spectrum at around 3.8-4.0 eV - see Figure 3. PL dynamic properties of this weak 
peak are shown in Figure 6. Decay time is expected to be faster than the measured 22 ps because 
deconvolution of the excitation pulse was not executed. 

 

Figure 6 TR-PL of AlGaN emission at 315 nm, decay time (1/e) = 22 ps, dynamic of PL is much faster than 
for YB. Insert: Two-dimensional map of TR-PL of the GaN and AlGaN emission, the spectral line of AlGaN 

emission at 315 nm has FWHM of 14 nm 
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TR-PL of the GaN emission at around 360 nm is shown in Figure 7. Dynamic properties of PL are much faster 
than for the YB, decay times are again in the order of ten ps. 

 

Figure 7 PL decay of GaN emission at 353, 362 and 368 nm: decay times (1/e) = 20, 38 and 56 ps, resp. 
Insert: Map of time resolved GaN PL, the spectral FWHM of the line is about 17 nm 

2.1.5. Micro-Raman spectra 

In Raman spectroscopy, we focused on the longitudinal optical mode A1(LO) because it is sensitive to Al 
composition in AlxGa1-xN heterostructure but rather insensitive to strain [4]. The A1(LO) mode exhibits a single-
mode behavior and its energy in AlxGa1-xN as a function of x was several times refined by various authors. We 
have used the calibration curve for the A1(LO) phonon mode from [4]. 

 

Figure 8 Calibration curve (red line) equation is taken from [4]. Insert shows Raman spectra of samples 
No. 6516 and 6508. The reference sample No. 6508 has x = 0.26, y = 0.45 and z = 0.64 

Shown in the insert of the Figure 8 are Raman spectra of sample No. 6516 and reference sample No. 6508 in 
the spectral region between A1(LO) mode of GaN and that of AlN. Green and blue lines mark theirs spectral 
positions in bulk materials, respectively. Between this two positions, one can see three small peaks 
corresponding to three AlxGa1-xN layers with Al composition x = 0.25, y = 0.45 and z = 0.60; x = 0.26, y = 0.45 
and z = 0.64 for the reference sample. Raman signal from a thin AlmGa1-mN layer under the GaN cap with m = 
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0.24 (6516) or m = 0.25 (6508) of Al composition cannot be distinguished from the first thick AlxGa1-xN layer 
with x = 0.25 (6516) or 0.26 (6508). 

Positions of maxima of all peaks corresponding to A1(LO) mode frequencies are shown by full symbols in 
Figure 8. 

As we can see, the positions of the A1(LO) peak of heterostructure layers of the reference sample are in good 
agreement with the values of the calibration curve. This is no more true for the sample No. 6516. There is a 
systematic shift towards a lower composition of Al in the structure. The composition values corresponding 
better to the measured frequencies, according to the calibration curve, are marked by open circles. The values 
of Al composition corresponding to those points are x = 0.30, y = 0.50 and z = 0.70. 

3. CONCLUSIONS 

GaN/AlGaN HEMT structures were prepared by MOVPE. X-ray diffraction measurement shows a good 
crystallographic quality of the structure. 

Reflectivity measurement was used to establish thickness and Al composition. Measurements at different 
positions show good structure homogeneity. 

PL, and especially TR-PL, have proved suitable tools for structure speed response and defect type and 
composition estimation. 

Al composition in AlxGa1-xN heterostructure as measured by Raman spectroscopy supplies feedback for 
grower intentions and aims. 
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Abstract 

Studying the nonlinearities in the resonant mode one may face thermo-optical effects due to sample 
overheating, occurring upon exposure to high-frequency repetition rate probing pulse. If present, thermo-
optical contribution to the refractive index are extremely hard to separate from the electronic contribution. In 
order to obtain purely electronic non-linear change in refractive index and to avoid thermal effects we modify 
classic Z-scan method to operate with low probing laser pulse repetition rate of 1 Hz. In our work, we present 
results of a Z-scan measured non-linear refraction coefficient of colloidal PbS QDs of different sizes free from 
thermal contribution. Our measured values of nonlinear refractive index is in order of 10-16 cm2/W and 
independent on the QD concentration in the solution.  

Keywords: Nanocrystals, quantum dots, lead sulfide, z-scan, non-linear refraction 

1. INTRODUCTION 

Due to low energy bandgap, high absorption coefficient in near infrared region, size-tunable properties and 
suitability for wet processing, colloidal lead sulfide (PbS) quantum dots (QD) are widely studied material for 
applications in the near-infrared region [1]. This, combined with potentially high resonant non-linear optical 
response [2] and tunable non-linear absorption and reflection, make PbS QDs possible alternative material for 
use in the non-linear optics.  

Common technique to study optical nonlinearities was introduced in 1990 by Sheik-Bahae et. al. [3] and ever 
since providing the simple and sensitive way to measure absolute values of nonlinear refraction and absorption 
coefficient of thin samples. 

Previous Z-scan studies on the third-order nonlinear susceptibility of PbS quantum dots report either saturable 
[4] or mostly multiphoton absorption [5-7]. The common issue lies in the varying values of the nonlinear 
refractive index from different authors, e.g. −(10÷60) 10−12 cm2/W in C2Cl4 [6], or −8.2∙10−16 cm2/W in toluene, 
−2.3∙10−15 cm2/W in hexane, −1.2∙10−15 cm2/W in CCl4 [8]. Mentioned problems arising from differences in the 
sample preparation method and, more important, in the origins of nonlinearity measured. We can split 
nonlinear contributions to one, reflecting purely nonlinear electron response (with response time of 10-15 - 
10-10 s) to the applied electromagnetic field, and thermal (with response time of 10-8 s or more), arising when 
absorbed excitation energy is converted to heat due to thermo-optical coefficient dn/dT is higher than zero. 
Which in turn leads to thermal lensing effect, changing the resulting z-scan trace, thus acting as a parasite 
source of nonlinearity if one have to determine the electronic nonlinearity. 

There is a way to reduce, if not entirely remove, thermal counterpart from the result. Electronic and thermal 
nonlinearity response time are different in magnitude by a few orders, so utilizing ultra-fast optical pulses can 
reduce the thermal counterpart. Although, using high repetition rate pulsed lasers can lead to formation 
of steady-state temperature profile hence accumulating thermal lens effect [9] so it is necessary to increase 
the time spacing between pulses to a minimum of tc = w2/4D, where D is thermal diffusion coefficient and w - 
beam diameter). Commonly used polar solvents have D in order of 10−3 cm2/s thus the maximum repetition 
rate is in order of tens of kHz for typical z-scan setup. In our work, we demonstrate that the absence of the 
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thermal counterpart to the nonlinear refractive index of PbS QD changes the behavior of the nonlinear 
refraction coefficient. 

2. METHODS 

Lead sulfide quantum dots (sizes ranging from 3.4 nm to 5.2 nm) were synthesized according to [10]. To 
remove excess of organic ligands QD were precipitated by acetone and then redispersed in the non-polar 
solvent. For power, concentration and size dependent measurements we chose hexane as a solvent for its 
lowest non-linear response (n2 in order of 10-17 cm2/W) among other common non-polar solvents (such as 
toluene, chloroform and tetrachloromethane). Absorption coefficient was calculated from the absorption 
spectra measured with Shimadzu UV3600 UV-VIS-NIR spectrophotometer. To measure the nonlinear 
refractive index we used standard z-scan setup with femtosecond Ti:sapphire laser (Avesta) with center 
wavelength 800 nm, pulse width >35 fs, acting as an excitation light source. In order to get rid of the thermal 
counterpart of the refractive index we lowered the pulse repetition rate to 1 Hz. Z-scan layout is schematically 
shown in Figure 1. 

Typical open aperture Z-scan trace of pure hexane and colloidal QD solution are shown in the Figure 2. 
Presuming the additivity of nonlinear indexes of the QDs and the solvent we can subtract z-scan curve of the 
solvent to obtain the z-scan trace, attributed only to QDs [11]. n2 values were calculated using formula (1) 
from [3] 

,    (1) 

here  is the difference between the normalized peak and valley transmittance;  - light intensity within 

the sample;  - effective length, where  is the linear absorption coefficient and L - sample 

thickness;  - wavelength of light,  - aperture. 

 

Figure 1 Scheme of the z-scan setup: At - laser output power attenuator, M - mirrors, PD - photodetectors; 
BS - beam splitters; L - condensing lens (f = 20 cm), SH - sample holder on a positioning table,  

AD - aperture diaphragm 
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3. RESULTS AND DISCUSSION 

First, we have performed Z-scan measurement using the described setup with a pulse repetition rate of 70 
MHz, MHz repetition rates are commonly used in works, studying PbS QD with z-scan technique [4-7]. Z-scan 
measurements were performed for the 4.5 nm QD colloidal solutions with different concentrations ranging from 
3∙10-6 M to 14∙10-6 M.∙The calculated n2 values are −(25÷90) 10−12 cm2/W and close to the values reported in 
the literature [5-7]. Negative sign of the nonlinear refraction index indicates the self-defocusing process. From 
Figure 2(a) it is clearly seen that non-linear refractive index changes linearly with the concentration.  

Considering isolated QDs in colloidal solution, change the concentration leads only to change in the absorption. 
However, absorption change is taken into account in the calculations of n2 via absorption-dependent effective 
length Leff in equation (1). Thus, purely electronic nonlinear refractive index should remain constant. High 
absorption in the resonant (i.e. above-bandgap) excitation mode leads to the diffusion heating of the colloidal 
sample and consequent formation of the thermal lens, altering the n2 values. Long-term thermal diffusion arises 
when sample cannot return to the equilibrium temperature because the time spacing between pulses are 
shorter than tc = w2/4D, where D is thermal diffusion coefficient and w - beam diameter, for most z-scan setups 
tc>40 µs [9]. Hence, to get rid of the thermal diffusion (and thermal lens) it is necessary to reduce pulse 
repetition rate lower than few kilohertz. 

Lowering the pulse repetition rate, we observed that n2 concentration dependence vanishes when the 
repetition rate approaches ~10 Hz, and are completely gone at 1 Hz in the concentration range 2∙10-7 M to 
3∙10-5 M, see Figure 2(b). Resulting n2 values are still negative, but significantly changed from ~10-12 cm2/W 
to ~10-16 cm2/W. Hence, we assume that colloidal QD n2 concentration dependence indicates the presence 
of the thermal lens effect. To prove that our results obtained from equation (1) are correct, we have performed 
z-scan measurements with four different pulse powers (pulse repetition rate 1 Hz). Results for 4.5 nm diameter 
QD colloidal solution (concentration 1.1⋅10-5 M) are shown on Figure 2(c). As it can be seen, n2 values are 
independent from the intensity in the range of 110-235 GW/cm2. 

 

Figure 2 (a) n2 dependence on QD (d = 4.5 nm) concentration pulse repetition rate - 70 MHz;  
(b) n2 dependence on QD (d = 4.5 nm) concentration (or volume fraction) pulse repetition rate - 1 Hz;  

(c) n2 dependence on input power  for lead sulfide QDs (d = 4.5 nm) 

To estimate QD nonlinearity size dependence we measured a set of QD with sizes ranging from d = 3.2 nm to 
d = 5.2 nm, with the same excitation wavelength, concentration and incident beam power. The absorption 
spectra of the studied batch of PbS QD solution are shown on Figure 3(a). Arrow notes red shift of the QD 
first excitonic peak with increasing QD size, red line marks the excitation wavelength. As shown in Figure 3(b), 
nonlinear refraction index increases (from −0.5∙10-16 cm2/W to −4∙10-16 cm2/W) with increasing QD size, and 
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consequently, reducing with increasing bandgap energy. n2 dependence on QD radius was approximated with 
power function and found to be close to cubic. However, we measured only limited range of PbS QD sizes and 
further research has to be done to thoroughly analyze quantum confinement effect on the nonlinear properties 
of the QDs. 

 

Figure 3 (a) absorption spectra for QD with different sizes, from d = 3.2 nm to d = 5.2 nm, λexc = 800 nm - 
excitation wavelength; (b) nonlinear refractive index size dependence, red dashed line stands for power 

function fit ( ) 

4. CONCLUSION 

We report that colloidal QD nonlinear refractive index concentration dependence is a sign of a thermal 
nonlinearity arising from the thermal lens effect. Performing z-scan measurement with low pulse repetition rate 
laser, thus free from thermal lens effect, we observed that nonlinear refractive index remain constant for 
different QD solution concentrations, and is in order of 10-16 cm2/W, which is by four order lower than previously 
reported results. QD nonlinear refractive index are expectedly size dependent and we found it to be close to 
cubic dependence  
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Abstract 

Boron-doped diamond exhibits a characteristic S-shaped I-V curve at room temperature [1] with two electrical 
conductivity states, i.e., low and high conductivity, at high electric fields (50 - 250 kVcm-1) due to the carrier 
freeze-out and impurity impact ionization avalanche effect. To our knowledge, the carrier multiplication during 
the change of the conductivity state has not been studied. In this article, we investigate theoretically the effect 
of acceptor concentration and compensation level on the carrier multiplication coefficient at room temperature 
to determine the optimal dopants concentration of maximum carrier multiplication. The room temperature hole 
concentration of boron-doped diamond has been calculated for various acceptor concentration and 
compensation ratio by solving numerically the charge neutrality equation within the Boltzmann approximation 
of the Fermi-Dirac statistic. These values were used to determine theoretical carrier concentration 
multiplication coefficients as a function of the acceptor concentration and compensation ratio. The calculated 
multiplication coefficient is maximum for an acceptor concentration of ca. 2 1018 cm-3 and it increases with the 
compensation above 0.2 %. These theoretical values are consistent with the ratio of the carrier concentration 
at room temperature and the acceptor concentration available in the literature as well as the current 
multiplication observed in boron-doped diamond due to impurity impact ionization avalanche [1].  

Keywords: Boron-doped diamond, semiconductor, carrier multiplication coefficient, impurity impact  
         ionization 

1. INTRODUCTION 

The high ionization energy of electrically active dopants is one of the specificities of diamond as a 
semiconductor. As a result, the carrier freeze-out regime, i.e, the region of incomplete ionization of the 
dopants, extends towards temperatures well above “normal” operation temperature. The complete ionization 
of the dopant can be achieved within this temperature range by impurity impact ionization avalanche. This 
effect, first studied in germanium at cryogenic temperature, has been recently observed in boron-doped 
diamond in a wide range of temperature and in a wide range of acceptor concentration [1,2]. In this article, we 
investigate theoretically the effect of acceptor concentration and compensation level on the room 
temperature’s carrier multiplication coefficient to determine the optimal theoretical dopants concentration to 
obtain maximum carrier multiplication attainable by impurity impact ionization avalanche effect. 

2. MODEL 

In this work, the carrier multiplication coefficient is defined as the ratio between the carrier concentration at 
complete ionization of acceptors, i.e., Na-Nd with Na the acceptor concentration and Nd the compensating donor 
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concentration, and the carrier concentration at a given operating temperature, room temperature in this work. 
The carrier concentration is determined by solving numerically the charge neutrality equation within the 
Boltzmann approximation of the Fermi-Dirac statistic, i.e., assuming a non-degenerated semiconductor. The 
key parameters in the determination of the hole concentration (p) in boron-doped diamond are the effective 
density of states of the conduction (Nc*) and valence (Nv*) bands, the acceptor degeneracy factor (ga), and the 
acceptor activation energy (Ea) [3]. In this work, the density of states and the degeneracy factor values are 
assumed to be independent of the acceptor concentration. The activation energy of dopants in semiconductors 
varies with their concentration [4]. In this work, we use the model proposed by Pearson and Bardeen [4] to 
model the activation energy dependence using equation (1): 

*+ = *, − -. /+
0 12

                                                                       (1) 

Where:  

EI -the ionization energy of an isolated boron acceptor (eV). 

Ea - the acceptor activation energy (eV) 

Na - the acceptor concentration (cm-3) 

The parameter α was determined assuming the Mott transition occurring at an acceptor concentration of 2  
1020 cm-3. All parameters used in this work are reported in Table 1. 

Table 1 List of parameters used to numerically determine carrier concentration 

Nc* (300 K) Nv* (300 K) ga EI α 

1020 cm-3 1019 cm-3 6 0.370 eV 6.3 10-8 eV.cm 

3. RESULTS 

Figure 1 shows the Arrhenius plot of the calculated hole concentration in a boron-doped diamond with an 
acceptor concentration of 3 1018 cm-3 for various concentration of compensation impurities. This figure clearly 
shows that diamond is in the carrier freeze-out regime for temperature as high as 1000 K and above. The 
carrier concentration at room temperature is nearly independent of the concentration of compensation 
impurities below 3 1015 cm-3, but it significantly decreases above this threshold value. Hence, the compensation 
can significantly increase the carrier multiplication coefficient without noticeably reducing the carrier 
concentration in complete acceptor ionization conditions. Figure 2 shows the calculated room temperature 
carrier concentration multiplication coefficient for various boron concentration and percentage of compensation 
impurities. This calculation has been limited to acceptor concentration below 1020 cm-3 to remain within the 
Boltzmann approximation of the Fermi-Dirac statistic. This figure shows there is a maximum of the carrier 
multiplication coefficient for an acceptor concentration of ca. 2 1018 cm-3. The multiplication coefficient is low, 
below 200, and it is nearly independent of the compensation impurities for percentages below 0.2 %, and it 
increases to value up to 104 and above in highly compensated boron-doped diamond. The decrease of the 
multiplication coefficient is attributed to the increase in the number of the carrier at room temperature with the 
steep decrease of the activation energy above 2 1018 cm-3 (see Figure 3). To our knowledge, there are no 
available measurements of the carrier multiplication coefficient in boron-doped diamond in the literature. One 
might estimate the value of the multiplication coefficient based on the ratio of the reported room-temperature 
carrier concentration determined by Hall effect characterization and acceptor concentration or the boron 
concentration determined from temperature dependent Hall effect characterization and secondary ions mass 
spectrometry (SIMS), respectively. The multiplication coefficient determined from the data available in the 
literature are compared to theoretical room temperature multiplication coefficient on Figure 2. These data 
points, that span over three decades, are within the range of theoretical multiplication coefficient. This figure 
also indicates that most of the boron-doped diamond layers have a compensation larger than 1 %. On this 
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figure is also reported the current multiplication coefficient due to impurity impact ionization avalanche 
determined from data in ref. [1]. Here, we assume the current multiplication coefficient is comparable to the 
carrier concentration multiplication coefficient as the two current values are measured, on the S-shaped I-V 
curve, at the same voltage, i.e., same field. This calculated value is consistent with the theoretical value of low 
compensated and highly boron-doped diamond. 
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Figure 1 Arrhenius plot of the hole concentration in doped diamond with a boron concentration 
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Figure 2 Room temperature carrier concentration multiplication coefficient for various boron concentration 

and compensation impurities percentages (from 0.01 % to 56 %) and its comparison with acceptor to carrier 
concentration ratios calculated from data available from the literature (black points) [5-17] and the current 

multiplication factor (red point) due to impurity impact ionization avalanche in boron-doped diamond 
determined from ref. [1] 
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Figure 3 Comparison of the room temperature carrier concentration and the fully ionized acceptor carrier 
concentration as a function of the acceptor concentration in low compensated boron-doped diamond and 

variation of the modeled activation energy as a function of the acceptor concentration. Dotted line displays 
hypothetical carrier concentrations corresponding to the boron activation energy independent of acceptor 

concentration. 

4. CONCLUSION 

The theoretical room-temperature hole concentration of boron-doped diamond has been calculated for various 
acceptor concentration and compensation ratio by solving numerically the charge neutrality equation within 
the Boltzmann approximation of the Fermi-Dirac statistic and assuming a variation of the activation energy 
of the dopant in a -1/3 power function. These values were used to determine theoretical carrier concentration 
multiplication coefficients. The multiplication coefficient is the largest for an acceptor concentration of ca. 2 
1018 cm-3 and it increases with the compensation above 0.2 %. These theoretical values are consistent with 1- 
the ratio of the carrier concentration at room temperature and the acceptor concentration available in the 
literature and 2- the current multiplication coefficient due to impurity impact ionization avalanche in boron-
doped diamond. 
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Abstract 

Silicon nitride find its application in quality of high-temperature ceramics and can be considered as one of the 
most promising dielectrics. Different properties and microstructure of pressureless sintered silicon nitride have 
been described a lot. The effect of various oxide additives and sintering regimes has also been often shown 
and discussed. However, there is not so much information about the influence of complex triple additives on 
properties of silicon nitride. In our work, we described the manufacture of high-dense Al2O3-MgO-Y2O3, Al2O3-
MgO-La2O3 and Al2O3-La2O3-Y2O3 doped presureless sintered silicon nitride with high microhardness. The 
effect of different oxide compositions of yttrium, magnesium and lanthanum with Al2O3 on such important 
properties as shrinkage, microhardness and both green body density and density of sintered ceramics have 
been characterized. 

Keywords: Materials science, ceramics, properties, oxide additives, powders 

1. INTRODUCTION 

Obviously, morphology of initial powders is one of the key factors affecting both microstructure and mechanical 
properties of pressureless sintered silicon nitride. Also, phase transformation of silicon nitride and formation 
of β-silicon nitride is characterized by a higher fracture toughness due to the ability to stop the propagation 
of cracks by elongated grains. Thus, it is obvious that investigation of mechanical properties and microstructure 
depending on the type of additives is very important at the moment. Rare earth oxides are usually used as 
additives. But the high cost is the main disadvantage of these oxides. Influence of such oxides as La2O3 has 
recently been of great interest. In particular, the separate and combined effect of Y2O3, La2O3, MgO and Al2O3 
on microhardness, oxidation resistance, microstructure and phase composition of silicon nitride have partially 
been analyzed [1]. In particular, Guedes-Silva et al. showed that Gd2O3 leads to an intensification of the phase 
transformation and formation of elongated β grains of silicon nitride, an increase in crack resistance, while 
La2O3 led to an increase in microhardness [1]. Tatarko et al. showed decreasing of fracture toughness of silicon 
nitride with an increasing of the ionic radius of rare-earth element [3]. At the same time decreasing of the ionic 
radius of rare-earth element leads to increasing of the aspect ratio of Si3N4 composites [3]. Choi et al. reported 
hot pressed Y, Yb, Dy, Er, Sm, Ce, Lu, La, Pr, and Gd doped silicon nitride [4]. So, in described paper authors 
showed increasing of flexural strength and oxidation resistance with decrease in cation radius. Hong et al. 
reported that the rare-earth oxides affect such key properties and regularaties as the densification process and 
the shrinkage temperature [5]. Kitayama et al. described hot pressed fully dense Si3N4 with such rare-earth 
oxides as La, Nd, Gd, and Yb [6]. These authors showed the linear dependence of the phase transformation 
kinetics from the ionic radius of rare earth element atoms. Satet et al. investigated influence of various rare-
earth and related elements (R = Lu, Sc, Yb, Y, Sm, La) on mechanical properties and grain growth anisotropy 
of β-silicon nitride ceramics [7]. They showed increasing of grain anisotropy with increasing of ionic radius 
because of non-linear growth kinetics. 

In our work morphology of the starting powders of such oxide additives as La2O3,Y2O3, Al2O3, and MgO are 
demonstrated and characterized. Hirosaki et al. described the effect of rare earth oxides on densification 
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of silicon nitride produced by pressureless sintering at 1600-1700°C and silicon nitride manufactured by gas 
pressure sintering at 10 MPa and 1800-2000 °C. Such single-component oxides as CeO2, Nd2O3, La2O3, 
Sm2O3, and Y2O3 were used as an additive. It was shown that in this case the sintering temperature required 
to reach approximate theoretical density became higher as the melting temperature of the oxide increased. It 
was also clearly shown that the higher densification was achieved below 2000°C because of a lower liquid 
formation temperature when a mixed of such oxide additive as Y2O3-Ln2O3 (Ln=Ce, Nd, La, Sm) was used [2].  

Short-term pressureless sintering is a relatively inexpensive and promising method for silicon nitride 
manufacture.  

The main aim of the present study is to investigate features of the effect of different triple Al2O3, MgO, Y2O3 
and La2O3 compositions on the linear shrinkage, microhardness and density of both green-compacts and 
pressureless sintered silicon nitride. 

2. FIGURES, EQUATIONS, TABLES 

The ground and homogenized powder mixture was cold isostatically pressed at 180 MPa (EPSI CIP 400B-
9140 press) during 30 s. Conventional sintering of samples was carried out in a high temperature furnace 
(Nabertherm VHT8/22-GR) in nitrogen atmosphere at 1780 ºС for 60 min. All reported compositions are listed 
in Table 1. 

The microstructure of initial powders was characterized by scanning electron microscopy (SEM). Structural 
characterization was performed using Quanta 600 FEG (FEI company, Hillsboro, OR) scanning electron 
microscope. The density of the test samples was measured by the Archimedes method. The microhardness 
was measured by an automated Shimadzu DUH-211/DUH-211S. 

There are three main criteria affecting properties and microstructure of ceramics. These criteria are: 
morphology, type and microstructure of initial powder, sintering conditions and type and content oxide 
additives. They play an important role in both equiaxial pressing and liquid phase sintering. It is expected that 
globular morphology of powder is more preferable. Morphology of initial powders is shown in Figure 1. 
Aluminum oxide grade Granolox (Figure 1b) demonstrated the most preferable morphology in comparison 
with the calcined aluminum oxide. Agglomerates of powder are shown in Figure 1b. Lanthanum oxide and 
magnesium oxide are distinguished by small particles of powder, as can be seen in Figure 1c and Figure 1e, 
respectively. Table 1 shows described compositions.  

Table 1 Described powder compositions 

№ 
Si3N4 
(wt%) 

Al2O3 
(wt%) 

MgO 
(wt%) 

Y2O3 
(wt%) 

La2O3 
(wt%) 

1 90 4.3 - 5.7 - 

2 90 5.0 2.0 - 3.0 

3 92 6.0 2.0 - - 

4 90 5.0 2.0 3.0 - 

5 - 4.0 - 3.5 2.5 

There is a large number of papers devoted to manufacturing of silicon nitride with such typical additives as 
Al2O3-Y2O3 and Al2O3-MgO. In our work, we considered such triple additive systems as Al2O3-MgO-Y2O3, 
Al2O3-MgO-La2O3 and Al2O3-La2O3-Y2O3, respectively. On the one hand, the ternary systems have low-melting 
eutectics allowing lowering the sintering temperature. On the other hand, there are not so many works 
describing the complex effect of lanthanum oxide with other more popular oxide additives on properties and 
microstructure. The density of green bodies, microhardness and the shrinkage of the produced ceramics are 
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shown in Table 2. The maximum shrinkage equal to 19 % and 18 % was measured for Al2O3-MgO-Y2O3 and 
Al2O3-La2O3-Y2O3 doped silicon nitride, respectively. Maximum density was demonstrated for Al2O3-MgO-
Y2O3. The growth of linear shrinkage of manufactured silicon nitride linearly depends on the density of the 
sintered body, however, there is no linear correlation with the green body density. Al2O3-La2O3-Y2O3 doped 
silicon nitride showed maximum microhardness equal to 1798 HV (see Table 2). Detailed information on the 
properties of pressureless sintered silicon nitride can be found in our earlier articles [8-15]. 

 

Figure 1 Microstructure of initial powders a) Al2O3 calcined b) Al2O3 Granolox c) MgO d) Y2O3 e) La2O3 

Table 2 Density, microhardness and shrinkage of the obtained materials 

№ ρgreen body, g/cm3 ρsintered, g/cm3 Shrinkage, % HV 

1 2.23 96 15 1506 

2 1.81 96 17 1784 

3 1.93 93 16 1710 

4 1.98 97 19 1665 

5 1.94 94 18 1798 

For comparison, we briefly review the results of other authors. The density of the green body is an important 
indicator in ceramics processing. In particular, Almeida et al. described manufacturing of low temperature 
pressureless sintered silicon nitride with high content of Al2O3-SiO2-Y2O3. Green body density varied from 1.74 
g/cm3 to 1.94 g/cm3 in comparison with our materials1.81-2.23 g/cm3 [16]. Huang et al. described AlN-La2O3-
Y2O3 doped high-strength pressureless sintered silicon nitride ceramics [17]. However, Ling et. al described 
MgO-Y2O3 doped high-strength pressureless sintered silicon nitride ceramics [18]. Terwilliger et al. described 
the fundamental processes of the liquid-phase sintering of pressureless sintered silicon nitride with 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

49 

magnesium oxide. In particular, he showed pore growth due to decomposition leading to a decrease in the 
driving force for sintering and leads to the cessation of shrinkage [19]. Also Yang et al. established efficiency 
of MgO-CeO2 additive for pressureless sintered silicon nitride compared to a single MgO or CeO2. The optimal 
ratio of reported oxides was equal. Linear shrinkage of the considered ceramics was approximately 16-18 % 
[20]. Yonezawa et al. reported about slip casted and pressureless sintered silicon nitride ceramics with 
whiskers. A high density, good mechanical and thermal shock resistance properties, characterizes this 
ceramics. However, the shrinkage of such materials was not uniform [21]. 

3. CONCLUSION 

Such important properties as linear shrinkage, green body density and density of sintered materials have been 
described. This study is devoted to show the influence of various oxides as lanthanum, yttrium, magnesium 
and aluminum on the linear shrinkage, microhardness, green body and sintered density of silicon nitride 
obtained by pressureless sintering. Suitable powder morphology of such reported oxide additives as Al2O3, 
MgO, La2O3 and Y2O3 have been shown. Pressureless sintered silicon nitride with Al2O3-MgO-Y2O3, Al2O3-
MgO-La2O3 and Al2O3-La2O3-Y2O3 with high density and microhardness have been obtained, discussed and 
analyzed. It has been shown that ceramics with triple Al2O3-MgO-Y2O3, Al2O3-MgO-La2O3 and Al2O3-La2O3-
Y2O3 additives have higher microhardness compared to ceramics with traditional double Al2O3-Y2O3 and Al2O3-
MgO additives equal to 1506 HV and 1710 HV, respectively. Also, considered ternary additives led to a higher 
linear shrinkage 17-19 % of reported silicon nitride in contrast with the 15-16 % linear shrinkage of Si3N4 with 
traditional binary additives. Similarly, density of manufactured silicon nitride with ternary additives was even 
higher compared to reported Al2O3-Y2O3 and Al2O3-MgO silicon nitride density. The growth of linear shrinkage 
was coexisted by increasing the density of the sintered body. However, the density of the sintered material did 
not depend linearly on the density of the green body. 
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Abstract 

Graphene is unarguably very promising material for countless applications including also gas sensing. For this 
particular application, it is very beneficial to understand the nature and strength of interaction of graphene with 
the adsorbed molecules. Molecular dynamics (MD) simulations matured to a very useful technique providing 
insights into complex molecular systems on the atomistic scale. However, the prediction potential of classical 
MD is given by quality of used parameters, including parameters for Lennard-Jones (LJ) term describing 
dispersion and repulsion part of intermolecular interaction potential. So far, LJ parameters used for graphene 
have not been thoroughly tested. Using MD we quantified the adsorption enthalpies of several organic volatile 
molecules (dichloromethane, nitromethane, ethanol, acetone, acetonitrile, ethyl acetate, hexane, cyclohexane, 
dioxane, benzene, and toluene) to a few layered graphene surface. The calculated adsorption enthalpies were 
compared with those acquired experimentally using an inverse gas chromatography technique. For each 
molecule, seven set of simulations were performed with altered LJ parameters and the accuracy of derived 
adsorption enthalpies was assessed. The average error of Δ⟨HFF⟩ in respect to ΔHexp suggests that OPLS-AA 
parameters delivered the best agreement with experiments. Needless to say that all tested LJ parameters 
were suitable for semi-quantitative estimates of the interaction energies of the molecules with the graphene. 
This implies that MD simulation can provide correct order of adsorption enthalpies of adsorbates and OPLS-
AA in addition provides reliable quantitative estimates. 

Keywords: Graphene, nanomaterials, molecular dynamics, force field, adsorption enthalpies 

1. INTRODUCTION 

Graphene is a two-dimensional material having many extraordinary properties like enormous surface area, 
high mechanical strength, high transmittance of light, great thermal conductivity and especially outstanding 
electronics properties [1-5]. These properties predestine graphene for many promising applications in very 
diverse areas. Graphene is an exceptionally low-noise material electronically, which makes it a potentially very 
promising candidate for chemical sensing [6]. There are many molecular dynamics (MD) simulations in the 
field of graphene, other carbon nanoallotropes and their derivatives [7-9]. Although reliability of classical MD 
simulations is conditioned by quality of used force field, including Lennard-Jones parameters, these LJ 
parameters used for graphene have not been thoroughly tested, yet. So far, authors either adopted Lennard-
Jones parameters from biomolecular force fields considering validity of a transferability principle [8] or they 
parameterized their own LJ parameters for their specific case [10]. Because the graphene is predominantly 
formed by carbon atoms, the majority of interaction with approaching molecules is mediated by them. 
Therefore, proper Lennard-Jones parameters of carbon atoms are needed for getting reliable results. Here, 
we tried to compare different LJ parameters, which were either specifically developed for the carbon nano-
allotropes or adopted from common force fields. In order to conclude which Lennard-Jones parameters are 
better for utilizing in the MD simulations of the graphene, adsorption enthalpies of small organic volatile 
molecules on the graphene surface were calculated via MD simulations Δ⟨HFF⟩ and the results were compared 
with experimentally determined adsorption enthalpies ΔHexp from inverse gas chromatography measurements 
[11,12]. Our critical assessment of Lennard-Jones parameters against experimental data can provide useful 
information for future MD studies of adsorption properties of graphene and its derivatives.   
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2. MAIN TEXT 

2.1. Methods 

The adsorption enthalpies were calculated using MD simulations as follows (equation (1): 

Δ⟨HFF⟩ = Δ⟨EFF⟩ ‐ RT (1) 

where Δ⟨HFF⟩, Δ⟨EFF⟩, −RT correspond to adsorption enthalpy from MD, average interaction energy and 
enthalpy correction, respectively. 

A value of Δ⟨HFF⟩ was calculated for the adsorption of single molecule from a representative set of small 
organic molecules on a few-layered graphene surface, while varying the non-bonded LJ parameters σ and ε 
of the aromatic carbons of the graphene. The molecules were chosen in order to cover diverse set, ranging 
from nonpolar to polar, from aliphatic across cyclic to aromatic, containing different heteroatoms, namely 
dichloromethane, nitromethane, ethanol, acetone, acetonitrile, ethyl acetate, hexane, cyclohexane, dioxane, 
benzene, and toluene. 

Table 1 LJ parameters of graphene carbons for different force fields, which are commonly used in the field of  
 MD simulations of graphene  

Force field σ (Å) ε (kcal∙mol-1) 

Girifalco (gra-gra) [10] 3.41214 0.0551 

Cheng&Steele [13] 3.39967 0.0557 

Girifalco C60-C60 [14-16] 3.46900 0.0661 

OPLS-AA [17] 3.55000 0.0700 

Parm99 [18] 3.39967 0.0860 

Periodic model of graphene was used in all MD simulations. As the experiments were carried out using a few-
layered graphene, the graphene surface was modeled as six-layered; each layer consisted of 3936 atoms, 
which were kept rigid on a planar hexagonal lattice with a bond distance set to 0.14 nm. Periodic boundary 
conditions were applied in all three dimensions of the simulation box with the size of approximately 
10 nm × 10 nm × 13 nm. The Newtonian equations of motion were integrated using leap-frog algorithm using 
2 fs time step, hydrogen atoms were constrained with LINCS algorithm [19]. All simulations were carried out 
using GROMACS simulation package [20] in vacuum in NVT ensemble with a temperature of 323 K held with 
Berendsen thermostat [21]. The electrostatic interaction was treated with cut-off method with a radius of 1.0 
nm. Intermolecular vdW interactions were calculated with a cut-off radius of 1.5 nm. Bonded and non-bonded 
parameters of the organic molecules were described using OPLS-AA force field [22]. The graphene was also 
described using OPLS-AA force field, but the Lennard-Jones parameters σ, ε of the graphene carbons were 
varied (see Table 1). As the graphene was modelled being periodic, each carbon atom was approximated as 
an uncharged LJ sphere. At first, each molecular dynamics simulation was equilibrated for 0.2 ns and then a 
productive 1 ns long simulation was performed. The interaction energy Δ⟨EFF⟩ of a graphene-molecule system 
was calculated as an average over 5000 values. Some simulations were extended to 30 ns with the purpose 
of checking and ensuring that all the simulations successfully converged. In each simulation one molecule was 
placed in the center of the few-layered graphene surface approximately ~0.35 nm above its surface. For each 
particular graphene-molecule system of particular LJ parameters 5 independent simulations were performed, 
which differed in random generations of starting velocities. 

2.2. Results and Discussion 

The adsorption enthalpies Δ⟨HFF⟩, as described by equation (1), of the interaction of the graphene-one 
molecule systems for all studied LJ parameters, together with experimentally determined ΔHexp, are displayed 
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in Table 2. Confidence intervals were obtained based on the statistical analysis equations for small samples 
containing 5 values (see equation (2)).  

7 = 89 ∓ ;<= (2) 

where L, 89, = and ;< correspond to confidence interval, arithmetic mean, a tabulated value and statistics 
range, respectively.  

Table 2 Adsorption enthalpies Δ⟨HFF⟩ calculated with different LJ parameters for graphene carbons and also  
 ΔHexp, both with their confidence intervals (at α = 0.05) for the adsorption of one molecule on the  
 few-layered graphene surface. All values are in kJ∙mol-1. 

 
Ch&St Ch&St 2 

Girifalco 
gra-gra 

Girifalco 
C60-C60 

OPLS-AA Parm99 Exp 

Dich -29.5±0.1 -29.6±0.2 -29.5±0.1 -32.8±0.1 -34.8±0.0 -36.6±0.2 -24.7±2.1 

Nitr -28.2±0.2 -28.7±0.6 -28.1±0.2 -31.5±0.2 -33.3±0.1 -35.1±0.0 -26.4±0.4 

Etha -23.0±0.2 -23.2±0.2 -22.9±0.4 -25.5±0.2 -27.5±0.1 -28.5±0.2 -30.5±2.9 

Acet -30.5±0.1 -30.9±0.2 -30.6±0.1 -34.0±0.1 -36.0±0.1 -38.0±0.1 -34.3±1.3 

Acni -22.2±0.5 -22.3±0.6 -21.8±0.6 -24.3±0.5 -25.3±0.1 -27.1±0.7 -31.8±1.3 

Etat -44.5±0.1 -44.8±0.3 -44.5±0.2 -49.8±0.1 -52.9±0.2 -55.7±0.2 -48.1±0.8 

Hexa -46.2±0.2 -46.5±0.3 -46.1±0.1 -52.1±0.3 -55.4±0.7 -57.8±0.3 -56.5±0.8 

Cyc -32.7±0.3 -33.0±0.8 -32.6±0.4 -37.1±0.3 -39.4±0.8 -40.9±0.4 -47.7±1.3 

Diox -35.6±0.4 -35.8±0.5 -35.5±0.3 -40.2±0.4 -43.2±0.3 -45.5±0.5 -45.2±0.4 

Benz -47.1±0.3 -47.6±0.2 -46.9±0.4 -52.0±0.3 -54.6±0.2 -58.8±0.1 -49.8±1.3 

Tolu -49.0±0.5 -49.8±0.3 -49.0±0.2 -54.6±0.4 -57.8±0.3 -61.7±0.3 -57.7±1.7 

AE 7.0 6.8 7.1 4.8 4.5 5.5 

 

SDE 709.9 671.7 723.7 348.5 323.9 459.6 

 

Ch&St … Cheng&Steele parameters; Ch&St 2 … Cheng&Steele parameters where combining rules were changed (arithmetic mean for 
σij); Girifalco gra-gra … parameters suggested by Girifalco for interaction between two graphene sheets; Girifalco C60-C60 … parameters 
suggested by Girifalco for interaction between two fullerene molecules; Parm99 … arithmetic mean for σij; AE … Average error; SDE … 
Squared difference from experiment 

The results from Table 2 demonstrate that comparing to experiments Δ⟨HFF⟩ for all studied LJ parameters were 
underestimated in case of some molecules, e.g. for ethanol, acetonitrile, cyclohexane. On the other hand, 
Δ⟨HFF⟩ for all studied LJ parameters were overestimated, e.g. for dichloromethane, nitromethane. For the rest 
of the molecules, there was a particular LJ parameter which gave Δ⟨HFF⟩ very close to the experimental value. 
In general, the difference between the calculated and experimental values may be partly explained by the 
neglect of an electrostatic interaction between an uncharged graphene surface and an approaching molecule 
or by the absence of a polarization in a pair additive force field. So, the absolute differences of Δ⟨HFF⟩ and 
ΔHexp can be accounted to the fact that in reality, there might be other contributions to the total interaction 
energy of the graphene-molecule interface [11]. The average error (AE) of Δ⟨HFF⟩ in respect to ΔHexp, averaged 
through all molecules, suggests that the OPLS-AA parameters, followed by Girifalco C60-C60, provided the best 
agreement with experiments. The values of squared difference from experiments (SDE) also confirmed the 
best agreement of Δ⟨HFF⟩ with ΔHexp when calculated using OPLS-AA parameters for graphene carbons, 
followed by Girifalco C60-C60. 

The adsorption enthalpies calculated using molecular dynamics simulations are also graphically displayed in 
Figure 1 for acetonitrile and ethyl acetate. For all molecules the same trend of Δ⟨HFF⟩ was observed and these 
values correlated with epsilon LJ parameter.   
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Figure 1 Adsorption enthalpies Δ⟨HFF⟩ from MD simulations of adsorption of single molecule on the few-
layered graphene surface calculated utilizing different studied LJ parameters of graphene carbons. Red line 

represents experimental value, error bars represent standard deviation determined by five independent 
simulations. 

Many approximations were introduced in our MD simulations; therefore the absolution differences of calculated 
and experimental enthalpies might not be the most important observable quantity. More important is that if 
particular LJ parameter is able to differentiate on strongly and weakly bound molecules to the graphene 
surface, if it is able to order the molecules according to their affinity to the graphene surface. The data showed 
that all LJ parameters ordered the molecules in a same manner, more importantly with a good agreement with 
the experimental data. This observance was also statistically tested with Spearman's rank correlation 
coefficient [23]. On our chosen significance level α = 0.01 the calculated correlation coefficient was higher than 
a critical value (0.709) for all studied LJ parameters, which means that a strong correlation between the order 
of ΔHexp and Δ⟨HFF⟩ was noticed. Therefore, it could be concluded that regardless of used LJ parameters 
of graphene carbons, MD simulations in our developed protocol may be suitable for semi-quantitative 
estimates of the interaction energies of the organic volatile molecules with graphene. 

Systematically, a biggest deviation of our results from experiments can be seen especially for dichloromethane 
and acetonitrile. This could be possibly explained such that electronic effects or a cluster formation may 
contribute to the total interaction energy, which was already published in literature [11,24]. SAPT analysis [11] 
proposes that that polarization and electrostatics contribute to the total interaction energy more in case 
of acetone, acetonitrile and dichloromethane than in case of other molecules form our set. This SAPT analysis 
also completes underestimation of our calculated adsorption enthalpies in comparison with the experiments 
and advises that if polarization and electrostatic contributions were considered in our MD simulations, other 
studied LJ parameters would very likely give better agreement with experiments than OPLS-AA parameters. 

In the last place, our results were discussed regarding Hansen solubility parameters [25], which are based on 
mutual miscibility/affinity. Three Hansen solubility parameters δd, δp, δh, relative polarity, calculated and 
experimental adsorption enthalpies, distance in Hansen space Ra, and molar volume Vm are listed in Table 3. 
Although a correlation of Δ⟨HFF⟩ with Hansen dispersive solubility parameters was anticipated, unfortunately, 
the collected data demonstrated no such correlation. Also the rule “like dissolves like” was not confirmed 
because the distance in Hansen space did not correlate with our calculated enthalpies. On the other hand, 
some connection between calculated enthalpies and molar volume of the molecules could be observed, where 
bigger molecules adsorbed on the few-layered graphene surface more.  



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

55 

Table 3 Hansen solubility parameters of the molecules [25] and graphene [26] and other observable  
   quantities 

Molecule rel. 

polar. 

ΔHexp 

(kJ∙mol-1) 

Δ⟨HFF⟩ 
(kJ∙mol-1) 

δd 

(Mpa0.5) 

δp 

(Mpa0.5) 

δh 

(Mpa0.5) 

Ra Vm 

(cm3∙mol-1) 

Dich 0.309 -24.7 -34.8 18.2 6.3 6.1 6.8 63.9 

Nitr 0.481 -26.4 -33.3 15.8 18.8 5.1 20.2 54.3 

Etha 0.654 -30.5 -27.5 15.8 8.8 19.4 23.8 58.5 

Acet 0.355 -34.3 -36.0 15.5 10.4 7.0 5.6 74.0 

Acni 0.460 -31.8 -25.3 15.3 18.0 6.1 18.5 52.6 

Etat 0.228 -48.1 -52.9 15.8 5.3 7.2 9.2 98.5 

Hexa 0.009 -56.5 -55.4 14.9 0.0 0.0 24.9 131.6 

Cyc 0.006 -47.7 -39.4 16.8 0.0 0.2 24.0 108.7 

Diox 0.164 -45.2 -43.2 19.0 1.8 7.4 15.1 85.7 

Benz 0.111 -49.8 -54.6 18.4 0.0 2.0 21.8 89.4 

Tolu 0.099 -57.7 -57.8 18.0 1.4 2.0 19.5 106.8 

Graphene [26] 

   

18.0 9.3 7.7 

  

3. CONCLUSION  

The prediction potential of classical MD on the graphene and the suitability of tested LJ parameters for the 
simulations of the graphene were verified. The adsorption enthalpies for eleven organic molecules calculated 
with different LJ parameters using MD simulations were assessed and all considered LJ parameters provided 
adsorption enthalpies in a qualitatively good agreement with experimental data. OPLS-AA parameters 
provided the adsorption enthalpies in the best agreement with experimental data with an average error less 
than 4.5 kJ∙mol-1, which is close to an experimental error of inverse gas chromatography. Needless to say that 
all tested LJ parameters were suitable for semi-quantitative estimates of the interaction energies of the 
molecules with the graphene. This implies that MD simulation is able to correctly order the adsorbates in 
respect to their adsorption enthalpies and to differentiate on strongly and weakly bound molecules. Therefore, 
our protocol is robust enough with respect to the level of approximation we introduced and may serve to other 
studies of sensing capacity of the graphene. In conclusion, both LJ parameters adopted from biomolecular 
force field and LJ parameters derived for their specific issue served well for the purpose of studying the 
adsorption of molecules on the graphene surface. 
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Abstract 

The method of carbon nanotubes (CNT) addition to a friction stir welded dissimilar joint has been developed. 
The CNT agglomerates are produced in shape of paper sheets. CNT sheets added to the gap of butt joint 
during fixture before friction stir welding. Use of CNT sheets provide ability to measure the weight ratio of CNT 
in welds. Experimental addition of CNT in Al to Cu dissimilar joint for obtaining 7 % CNT in weld was done. 
XRD study of weld metal shows no formation of carbides as CNT degradation products. SEM study of different 
weld join parts shows evidence of carbon presence. EDX mapping of carbon in the joint showed that both Al 
and Cu weld matrix parts have carbon inside. 

Keywords: Сarbon nanotubes, metal matrix composites, friction stir welding, dissimilar joint 

1. INTRODUCTION 

Electrical conductivity of dissimilar Al-Cu joints in bus-bars, foil conductors in transformers, connectors, etc. 
usually made with use of bolts, rivets. Due to behavior under the thermal cyclic load (expanding/contracting) 
driven by the Joule effect [1] the connection between solid bodies might be lost or became poor and electrical 
resistance increases. In some cases, energy loses in such joints may be very high even with good 
connection [2]. 

Those problems might be solved by welding of Al to Cu, but standard welding approaches of fusion processes 
(arc, laser) are not possible to use due to difference in physical properties and formation of intermetallic phases 
between Al and Cu. But solid state welding processes can overcome those limitations and sound weld joint 
with decreased amount of intermetallics can be obtained by friction stir welding [2,3].  

One of possible way to modify the electrical conductivity and mechanical properties of such joints is addition 
of carbon nanotubes (CNT), nevertheless no methods of addition are proposed yet. 

The aim of this work is development of the method for CNT addition to the friction stir welded dissimilar joint, 
and evaluation of CNT distribution and degradation after welding.  

2. EXPERIMENTAL APPROACH 

2.1. Materials 

Commercially available multi-walled carbon nanotubes were used as a raw material for addition in to the 
welding joint.  

Alloys are: Al - of electro chemical purity, Cu- of electro chemical purity (ETP), chemical composition give in 
Table 1 and 2 respectively. 
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Table 1 Chemical composition of Al-ETP 

Element Fe Si Mn Ti Al 

Concentration, 
(wt.%) 0.3 0.3 0.025 0.1 Bal. 

Table 2 Chemical composition of Cu-ETP 

Element Fe Ni S As Sn 

Concentration, 
(wt.%) 0.005 0.002 0.004 0.002 0.002 

Element Pb Zn O Sb Cu 

Concentration, 
(wt.%) 0.005 0.004 0.05 0.002 Bal. 

2.2. Methodology 

So, called buckypaper was made of purchased CNTs. There are various types of processing for preparation 
buckypaper described in the literature [4-6]. Figure 1 shows the prepared buckypaper sample and Figure 2 - 
SEM images with different magnification. 

 

Figure 1 Sample of buckypaper 

   

Figure 2 SEM images of prepared buckypaper 
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Friction stir welding parameters were found with a several tryouts of Cu to Al butt welding. Parameters are 
given in Table 3 it is important to notice that during welding the tool has offset to aluminium side with respect 
to good welding practice [7]. Buckypaper was sliced to 3 mm wide strips and placed in the butt joint between 
3 mm thick Al and Cu sheets without visible gap.  

Mass of the added CNT buckypaper was measured and it is corresponded to 7 % of CNT in weld metal. 

XRD of polished upper surface was evaluated (Figure 4) as well as SEM of stir zone with EDX mapping in 
cross section (Figures 5 - 9). 

Table 3 Friction stir welding parameters 

Rotation speed, rpm 
Travel speed, 

mm/min 
Force/Impulse 

Force, kN 
Tool probe offset to 

Al side, mm 

1200 100 7 2.0 
 

 

Figure 3 Overview of the joint 

 

Figure 4 XRD patterns 
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Figure 5 SEM image of stir zone near boundary with copper 

 
Figure 6 SEM image of stir zone near boundary with copper 

 
Figure 7 EDX mapping of copper and carbon in stir zone near boundary with copper 
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Figure 8 EDX mapping of carbon in stir zone near boundary with copper 

   

  

Figure 9 SEM image of stir zone between material clusters 

3. RESULTS AND DISCUSSION 

Analysis of XRD patterns shows evidence of CuxAly - intermetallic phase formation but no carbides are found 
as any other possible chemicals with carbon (Figure 5). So due to temperature and stir processes during 
welding intermetallics formation was stated in several papers [2,7]. As well as carbides, carbonates and many 
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other carbon containing chemicals are stated to be the CNT degradation products [8-11]. At that point, no CNT 
degradation during friction stir welding of Al to Cu was found using XRD. 

SEM mapping analysis of carbon distribution near Cu boundary (Figures 7, 8) is evidence that CNT distributed 
both in Al and Cu metal matrix. Nevertheless, it is well seen that carbon distributed not evenly. The reason for 
that might be the metal flow during stir process. With the same reason Al and Cu metal forms a sort of material 
clusters of complex shape. It is well seen form Figures 5 - 7 that metals also distributed not evenly. Analysis 
of SEM images of boundary between clusters with high magnification (Figure 9) shows CNT in metal matrix. 

4. CONCLUSION 

Method for the addition of carbon nanotubes to friction stir welded joint has been developed. Carbon nanotubes 
were found in stir zone of weld metal between clusters of Cu and Al. No evidence of CNT degradation during 
friction stir welding was found. Distribution of CNT in both copper and aluminium matrix of weld metal has 
achieved. 
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Abstract  

Graphene based nanomaterials produced by liquid exfoliation techniques and microwave plasma 
decomposition of ethanol were studied by scanning electron microscopy (SEM), Raman spectroscopy and X-
Ray powder diffraction (XRD). Graphene oxide (GO) and reduced graphene oxide (r-GO) prepared by liquid 
exfoliation technique consisted of several types of structures - thin flakes with thickness of 10-15 nm and lateral 
dimensions of several micrometers and graphite like structures, 100 μm in size, with not fully exfoliated 
graphene layers. The graphene nanosheets prepared in microwave plasma torch (MWGNs) were several nm 
thick and rectangular in shape with size of several hundred nanometers. Contamination by elements S, Mn 
and K was detected by EDX analysis in both GO and r-GO samples. Similarly, Fe was detected in MWGNs. 
This contamination was caused by synthesis process in all cases. The Raman spectroscopy analysis showed 
presence of D (1360 cm-1] and G (1580 cm-1) band and second order 2D (2690 cm-1) and D+G (2920 cm-1) in 
the measured spectra. The ID/IG intensity ratio was 2.2 and 2.5 for GO and r-GO samples, respectively. The 
graphene nanosheets Raman spectra exhibited ID/IG ratio of 0.5 and high intensity 2D peak at 2690 cm-1. XRD 
analysis revealed graphite like structure, graphite peak (002), of all samples and presence of contamination 
(Fe, intercalation compounds) in agreement with EDX analysis results. XPS analysis confirmed results of XRD 
and Raman analysis and sp2/sp3 ratio of carbon C1s peak was increasing with decreasing ID/IG intensity ratio. 

Keywords: Graphene, microwave plasma, liquid exfoliation, material analysis 

1. INTRODUCTION 

There exists wide range of methods to prepare advanced carbon materials like carbon nanotubes (CNT), 
nanofibers, graphene, nanoribbons or nanoflakes [1]. Liquid exfoliation belongs to most frequently used 
techniques for preparation of graphene and graphene oxide. The method is based on separation of individual 
graphene layers from graphite flakes by means of ultrasonication, intercalation or shear forces. The method 
generally involves three steps a) dispersion in a solvent, b) exfoliation and c) purification. During the 
preparation the graphite source and graphene based output material are exposed to number of chemicals 
(acids, reduction compounds) and processing steps. To avoid these elaborate procedures, an alternative to 
liquid exfoliation was developed in a form of synthesis of graphene nanosheets in microwave plasma. It was 
shown that ethanol decomposition in microwave plasma at atmospheric pressure leads to successful formation 
of graphene nanosheets [2]. This method was further investigated by Tatarova and Tsyganov [3] using 
microwave plasma surface wave discharge at atmospheric pressure in Ar/ethanol gas mixture. By further 
analysis and modelling they found that C2 molecule promotes nucleation and growth of graphene and atomic 
C leads to deposition of amorphous and sp3 phase. We have showed recently that microwave plasma torch 
operated at atmospheric pressure can also be used for such synthesis [4].  

In this work we compare structure and composition of product of both methods: liquid exfoliation by Hummers 
method and decomposition of ethanol in microwave plasma torch at atmospheric pressure.  
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2. EXPERIMENTAL 

Graphene oxide (GO) and reduced graphene oxide (r-GO) powder was prepared by Hummers method [5]. 
High purity artificial graphite dissolved in concentrated H2SO4 and NaNO3 was added to the mixture. The 
mixture was magnetically stirred for 10 min and kept at the temperature of 0 °C in ice bath. Then anhydrous 
KMnO4 was added to the mixture and kept for 20 min at 0 °C followed by the heating to 35 °C for 30 min. The 
sample was then hydrolyzed in water and H2O2 was added. Finally the sample was washed by deionized water 
and dried in air. To prepare the r-GO, the prepared GO was reduced at 350°C for 1 hour. More details about 
the preparation technique could be found in [6, 7]. 

As prepared powder was dispersed in ethanol and ultrasonicated for 10 minutes. The prepared suspension 
was then transferred by drop casting onto Si wafer and left in the fume hood under heating for 5 minutes to 
evaporate the solvent. Second set of samples was prepared by direct transfer of nanopowder to double-sided 
carbon adhesive tape. 

The graphene nanosheets were synthesized by ethanol decomposition in microwave plasma torch at 
atmospheric pressure. The setup consisted of a microwave (MW) generator (2.45 GHz, 2 kW) with a standard 
rectangular waveguide, transmitting the MW power through a coaxial line to a hollow nozzle electrode. The 
gases were supplied to the discharge chamber through the carbon or iron nozzle which has two gas channels. 
The central channel (0.8 mm diameter), in the nozzle axis, was used for introduction of working gas - argon 
(360 - 920 sccm) and subsequent ignition of plasma. The secondary channel (annulus with outer radius 
8.4 mm and inner radius 7.7 mm) was used for introduction of carrying gas - argon (500 - 1400 sccm) with 
precursor (ethanol 2-25 sccm) vapours into the plasma environment. The gas flows were controlled by 
Bronkhorst electronic flow controllers. Reactor chamber consists of a quartz tube (8 cm diameter, 20 cm long) 
terminated by dural flanges. Synthesized nanopowder was collected from the reactor wall or on the Si/SiO2(92 
nm) substrates fixed in the holder, quartz tube with fastening mechanism, 10 cm from the plasma nozzle. 

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 characteristic X-ray detector 
Oxford Instruments EDX analyzer. XRD analysis was carried out with X-Ray Diffractometer SmartLab Type F 
from Rigaku capable of small angle X-ray scattering (SAXS) technique and equipped with with copper anode 
and vertical theta-theta goniometer with horizontal sample site with independent source and detector 
movement. 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. 

3. RESULTS AND DISCUSSION 

3.1. SEM Structural Characterization 

Graphene oxide and reduced graphene oxide were observed in two ways: in the natural state (pieces 
of material adhered to a double-sided adhesive tape) and in a more coherent layer (dissolved in pure ethanol, 
shaken by an ultrasonic cleaner and dried on a silicon wafer) using secondary electron (SE) and back-
scattered electron (BSE) mode. There are differences between the two preparation techniques which are 
expressed in the alignment of graphite flakes on the substrate. The drop casted sample from liquid formed thin 
layer showing individual pieces of (reduced) graphene oxide (Figure 3). The adhesive tape technique formed 
thicker layer and was better suited to obtaining information on the total elemental composition by EDX (Energy 
Dispersive X-Ray (Spectroscopy)) analysis, while the first one better depicts the topology of the resulting 
graphene oxide. The graphene nanosheets obtained by microwave plasma synthesis were imaged as 
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collected directly on the substrate. A typical shape of the produced nanopowders was captured on the following 
micrographs Figure 1.  

 

Figure 1 Topological structure of the studied nanomaterials. r-GO on the left,  
GO in center and MWGNs on the right 

One can see that the GO crystals are partially exfoliated on the edges and one can observe large pieces, 
hundreds of μms, as well as small thinner and smaller flakes of material, several μms. The reduction process 
of GO formed its reduced form r-GO and changed nanopowder structure as well. The exfoliation on the edges 
was more pronounced and the large graphite flakes started to disintegrate. The structure of MWGNs was 
completely different in comparison to GO structure. The bottom-up approach of synthesis resulted in foam like 
ordering of individual curved graphene nanosheets with thickness of several nanometers and lateral 
dimensions of hundreds of nanometers. 

3.2. Contamination characterization by EDX 

The GO and r-GO materials, due to the way they were prepared, are expected to be contaminated with the 
chemicals used in preparation process. Sample contamination may be already revealed by the images 
obtained with the BSE detector, where brighter spots represented heavier elements than carbon and oxygen. 
Precise chemical analysis of such a site was performed using an EDX analyzer. In the following figures, 
Figures 2 - 4, contamination maps are given without carbon and oxygen (EDX cannot detect hydrogen), which 
are main constituents of the material. Because EDX can only determine elemental composition 
of contaminants but not its crystalline form, we cannot determine by this method chemical state of the used 
compounds after the exfoliation process. Not including oxygen bonded to the foreign elements, the r-GO 
sample contained 1.5 atomic percent of contamination (N, Si, S, Al, K, Mn, Fe in order of concentration) and 
the GO sample contained about 4 atomic percent of contamination (S, N, Si, Al, Fe, Mn, K in order 
of concentration). It is necessary to note that due to the particle form of studied samples and its chemical 
inhomogeneity, the information obtained by local EDX analysis needed to be complemented by more global 
technique such as XRD. EDX analysis clearly demonstrated a different ratio of carbon and oxygen in the 
reduced graphene oxide, about 90:10, and GO about 75:25. The detail of the topological structure of graphene 
oxide in SE mode, the chemical compounds contamination imaged by BSE mode with visible places 
of chemical inhomogeneities (the brightness is determined by the atomic number of the elements) can be seen 
in Figure 2 for large flake of r-GO, in Figure 3 for small flake of r-GO and in Figure 4 for GO flakes. 
Contamination of graphene nanosheets was very small, below 1 percent. Iron nanoparticles, 10 - 200 nm in 
diameter, formed by sputtering of the nozzle electrode could be found in the deposit and were clearly visible 
on the images in BSE mode Figure 5. The composition of bright spots was determined by EDX analysis as 
iron coming from plasma nozzle. This contamination could be almost completely eliminated by using carbon 
as nozzle material. The assumption that the plasma discharge could cause breakage of carbon nozzle and 
contaminate the sample with large graphite particles was not confirmed and such objects could not be found 
in the deposit. 
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Figure 2 Reduced graphene oxide r-GO - a typical sample structure. Images taken by SE detector (on the 
left), BSE detector (in the center) and EDX detector (on the right), HV=8kV. Elements color key: S - violet 

(0.4 at%), K+Mn - green (0.2+0.2 at%), Fe - red (0.1 at%), Si,Al - blue (0.4, 0.2 at%). 

 

Figure 3 Detail of individual reduced graphene oxide flake. Images taken by SE detector (on the left), BSE 
detector (in the center) and EDX detector (on the right), HV= 15 kV. Elements color key: C - red (50.1 at%), 

O - green (1.0 % at), Si substrate - blue (48.9 at%). 

 

Figure 4 Graphene oxide GO - a typical sample structure. Images taken by SE detector (on the left), BSE 
detector (in the center) and EDX detector (on the right), HV=8kV. Elements color key: Fe - red (0.5 at%), 

K+Mn - green (0.1+0.2 at%), S - violet (2.0 at%), Si,Al - blue (2.1, 1.5 at%). 

3.3. Material characterization by Raman spectroscopy and XRD 

Further information about material structure and composition was obtained by Raman spectroscopy and XRD. 
XRD analysis of graphene nanomaterial powder was carried out by Bragg-Brentano technique from 10 to 100 
2θ angle (Figure 6). In all types of materials strong graphite (002) diffraction at 26.7° (0.335nm) could be 
observed, but this peak appears to be slightly shifted to lower angle values in MWGNs sample. Weaker 
graphite diffraction peaks (100), (101) and (004) could be observed in GO and r-GO samples as well.  
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Figure 5 Detail of graphene nanosheets and its contamination by iron nanoparticles. Images taken by SE 
detector (on the left) and BSE detector (on the right), HV=15kV. 

GO powder analysis also showed presence of strong GO peak at 10.4° (0.855nm) typical for intercalated 
graphite structure of graphite oxide [8]. This peak was not found in r-GO powder nor microwave plasma 
graphene nanosheets sample. Further wide peaks between 20-25° and at 40° could be assigned to 
contamination by intercalation compounds such as KMnO2 etc. MWGNs sample also exhibited presence 
of diffractions at 44.3, 64.5, 81.8 and 98.5° assigned to Si substrates and some small intensity peaks could be 
assigned to Fe. The amount of contaminants was consistent with results of EDX analysis. 

 

      Figure 6 XRD pattern of prepared nanopowders         Figure 7 Raman spectra of prepared GO sample  

Raman spectroscopy analysis showed presence of D, G, 2D and D+G bands [9]. Figure 7 represented Raman 
spectra of both GO and r-GO samples which were very similar. The main feature of the spectra corresponded 
to the conventional D and G bands with peaks centered at ~1360 cm-1 and ~1590 cm-1. Additional three peaks 
appeared during deconvolution of the region described as D*, D** and D´ centered at 1130 cm-1,1520 cm-1 and 
1610 cm-1. The occurrence of broad and intensive D peak in combination with D* and D** peaks were a sign 
of defective and disordered structures caused by exfoliation process. On the contrary, Raman spectra 
of MWGNs exhibited sharp D peak of low relative intensity (0.5) to G peak and intensive 2D peak (FWHM 
65 cm-1) as expected from few layer graphene.  

Results of previous analyses were supported by XPS analysis of MWGNs. The results showed 98 % content 
of carbon with small addition of oxygen (2 %) in the sample. The sp2 bonded structure was confirmed by fitting 
C1s peak profile with 95 % sp2 (284.4 eV) and small content of sp3 (285.4 eV) and carbon - oxygen bonds 
(286-287 eV) [10]. This result confirmed higher quality of MWGNs in comparison to GO and r-GO structures.  
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4. CONCLUSIONS 

We have compared structure and composition of two kinds of graphene related materials - graphene oxide 
and its reduced form prepared by Hummers methods and graphene nanosheets prepared by microwave 
plasma decomposition of ethanol. The structural study by SEM proved that top-down preparation method 
of GO and r-GO led to only partial exfoliation of large portion of graphite flakes. This exfoliation on the flakes 
edges further increased after reduction process and formation of r-GO. The amount of oxygen substantially 
decreased from 25 to 10 % in r-GO structure as shown by EDX and XRD analysis, but the structure still 
exhibited very similar XRD diffraction pattern to graphite. Therefore, it would be better to call this structure 
reduced graphite oxide. On the contrary, bottom-up approach of microwave plasma synthesis was successfully 
used for synthesis of graphene nanosheets only several atomic layers thick, and therefore, much closer to 
graphene structure, but their lateral size was order of magnitude smaller than GO structures. As a 
consequence of preparation process both types of material contained impurities from processing chemicals 
(K, Mn, S, N) or plasma torch nozzle material (Fe). The structural and compositional characteristics were 
confirmed by Raman spectroscopy (ID/IG intensity ratio), XRD (graphite (002) crystal diffraction) and XPS (C1s 
energy spectra) measurements. In the future the amount of contamination could be reduced by modifying 
preparation process of both types of nanomaterial. 
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Abstract  

The environmental contamination by heavy metals is one of the global problems that disturb the ecological 
balance. A platform for the simultaneous electrochemical detection of trace heavy metal ions has been 
developed based on the gold nanoparticles-cysteine-multiwall carbon nanotubes (AuNPs-Cys-MWCNTs) 
modified carbon paste electrode using square wave anodic stripping voltammetry. The voltammetric method 
was optimized with respect to accumulation time, accumulation potential and other parameters. The syntheses 
of AuNPs-Cys-MWCNTs composite with different AuNPs diameters were described and characterization using 
Dynamic light scattering and Scanning electron microscopy was performed. The AuNPs-Cys-MWCNTs 
composite significantly increases the electrode sensitivity towards Cd(II), Pb(II), Cu(II) and Zn(II). The AuNPs-
Cys-MWCNTs composite has promising significance for future using, for example as a modification of the 
screen printed electrodes (SPEs), which would be used for low-cost and fast in situ measurement. 

Keywords: Gold nanoparticles-cysteine-multiwall carbon nanotube composite, electrochemistry, paste  
        electrode, screen printed electrode, ecological problems, heavy metals 

1. INTRODUCTION 

One of the global problems that disturb the ecological balance is the environmental contamination by heavy 
metals. Heavy metals, is a term for a group of toxic substances, which are dangerous for the environment. The 
group includes for example lead, mercury, cadmium, copper, zinc, chromium. The most common sources 
of these substances come from anthropogenic activities of different sectors (heavy industry, agriculture, and 
pharmaceutical industry) [1,2]. The accumulation of these substances in nature, watercourses and the soil, is 
a major problem. In fish and agricultural crops there is accumulation of these hazardous substances, through 
the food chain, heavy metals get into the human body [3,4]. Most of these heavy metals are carcinogens. For 
this reason it is necessary to check the concentrations of heavy metals in waste water [5,6]. 

Electrochemical methods are a suitable tool for detecting heavy metals in an aqueous environment. The 
multiwall carbon nanotubes (MWCNTs) and gold nanoparticles (AuNPs), both materials have recently received 
increased attention as materials suitable for use in electrochemical detection [7,8]. Their advantage is that they 
increase the conductivity of the electrode, facilitate the transfer of electrons, and have good chemical stability 
and MWCNTs increase the active surface area of the electrode. The aim of this study was to make use 
of nanotube, gold and cysteine connections to obtain excellent material for the formation of a paste electrode 
that would be sensitive to the determination of heavy metals [9]. The next step was to use the properties of this 
composite material and modify the surface of the SPEs and then use them for in situ analyzes. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). High purity deionized water (Milli-Q 
Millipore 18.20 MΩ/cm, Bedford, MA, USA) was used throughout the study. 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

70 

2.2. Preparation of gold nanoparticles-cysteine-multiwall carbon nanotubes composite (AuNPs-Cys-
MWCNTs) 

0.1 g MWCNTs were suspended in 30 mL 2.2 mM trisodium citrate. The solution was heated to boiling under 
vigorous stirring. Upon reaching the boiling point, 25 mM H[AuCl4] added. After 10 min of interaction, the 
temperature from 100 ºC was lowered to 90 ºC. After setting the temperature to 90 ºC, 200 µL 60 mM sodium 
citrate solution was added with stirring and 200 µL 25 mM H[AuCl4] was added after an additional 2 min. After 
10 min of interaction, the process with adding 60 mM sodium citrate solution and 25 mM H[AuCl4] was 
repeated 12 times. Thereafter, heating and stirring were stopped and the resulting product was cooled to room 
temperature and then 9 times washed. 30 mL of the resulting solution was dried. 

2.3. Characterization of AuNPs-Cys-MWCNTs 

The size of the presented AuNPs was measured by the Zetasizer Nano ZS Instrument (Malvern Instruments 
Ltd., Worcestershire, UK). The Scanning Electron Microscopy (SEM) MAIA3 (Tescan, a.s., Brno, Czech 
Republic) was used for visualization of presented composite material (AuNPs-Cys-MWCNTs). 

2.4. Preparation of carbon paste electrode modified by AuNPs-Cys-MWCNTs (CPE-AuNPs-Cys-
MWCNTs) 

To prepare the modified carbon paste, 300 mg of expanded graphite and 75 mg of composite material (AuNPs-
Cys-MWCNTs) were used. These materials were homogenized in a mortar with a pestle for 30 min. 
Subsequently, 260 µL of mineral oil was added. Again homogenization was carried out for 30 min. This mixture 
was transferred with a spatula into electrode body with 2.5 mm diameter. 

2.5. Electrochemical determination of for Cd2+, Pb2+, Cu2+ and Zn2+ 

Determination of Cd(II), Pb(II), Cu(II) and Zn(II) by square wave anodic stripping voltammetry (SqWASV) were 
performed with 663 VA Autolab (Metrohm, Herisau, Switzerland), using a standard cell with three electrodes. 
The CPE-AuNPs-Cys-MWCNTs was the working electrode. An Ag/AgCl/3M KCl as a reference electrode and 
platinum electrode was auxiliary. Software NOVA 1.8 (Metrohm, Herisau, Switzerland) was used for data 
evaluation. Prior to each measurement, approximately 0.1 mm of CPE-AuNPs-Cys-MWCNTs was wiped on a 
filter paper to obtain a new surface. The parameters of the measurement were as follows: initial potential 
of −1.3 V, end potential +0.3 V, deposition time 90 s, deposition potential −1.3 V, voltage step 5 mV, amplitude 
25 mV, frequency 200 Hz and equilibration time 5 s. As supporting electrolyte was used acetate buffer pH 5.5. 

3. RESULT AND DISCUSSION 

In the Figure 1 shows the structure of composite material AuNPs-Cys-MWCNTs. There is a detailed view 
of the structure of MWCNTs on which AuNPs are attached. The average particle size of AuNPs was estimated 
to be 60 nm. 

An optimal ratio of the individual components in the paste electrode was determined. The electrochemical 
sensor (CPE-AuNPs-Cys-MWCNTs) was optimized for simultaneous detection of Zn(II), Cd(II), Pb(II) and 
Cu(II). The electrochemical method SqWASV was optimalized with respect to deposition time and potential, 
amplitude and frequency. The calibration curves for metals and the equation coefficient of the calibration 
curves with the coefficients of determination r2 are shown in Figure 2. The detection limits were found to be 
4.5 µg/L for Zn(II), 9.8 µg/L for Cd(II), 8.0 µg/L and 4.0 µg/L for Pb(II) and Cu(II) respectively. In addition, 
solution of AuNPs-Cys-MWCNTs were applied to the surface of the SPEs. The modified SPEs were 
successfully tested for Zn(II), Cd(II), Pb(II) and Cu(II) detection. 
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Figure 1 SEM characterization of AuNPs-Cys-MWCNTs  

 

Figure 2 The determined calibration curves for Cd(II), Pb(II), Cu(II) and Zn(II) 
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4. CONCLUSION 

In conclusion, we have developed a new modification for the CPE, which could potentially be used to determine 
the trace amounts of heavy metals in the aquatic environment. The materials used in this study (AuNPs, 
MWCNTs, cystein) are nontoxic, environmentally friendly substances, so they are not other potential threat to 
the environment. The electrochemical potential of this composite material has been demonstrated for the use 
of SPEs surface modification. 
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Abstract 

The effect of the resonance overlapping of pseudoisocyanine J aggregates exciton and plasmon of the 
inhomogeneous ensemble of metallic nanoparticles was studied for thin films. The absorption of a hybrid 
structure was not the sum of the absorption of the cyanine dye layer and nanoparticle extinction. Regardless 
the increase of the molecular absorption due to near field of metal nanoparticles, the spectral dip at the 
absorption maximum of the J aggregates was observed for hybrid films. The magnitude of the increase in 
absorption and the shape of the dip were different for silver and gold nanoparticles, and depend on the 
equivalent thickness of the metal island films. The dip was explained by the strong coupling of the exciton 
transition in J aggregate with the plasmon resonance of nanoparticles.  

Keywords: Plasmon, exciton, film, nanoparticle, J-aggregate 

1. INTRODUCTION 

Interaction of localized surface plasmons in metallic nanostructures and excitons in quantum-sized objects 
such as organic chromophores or quantum dots has been a subject of intense research on both the theoretical 
[1,2] and experimental [3,4] level recently. The strong interaction of J-aggregate excitons and plasmons 
of metallic nanostructures leads to the formation of a hybrid state, which called plexiton. The study of such 
plasmon−exciton systems improves the understanding of the interaction of light with matter and the 
development of novel sensors [5], harvesting solar cells [6] and other photonic devices [7]. There are many 
studies of plasmon-exciton structures in colloidal solutions [8,9], which are simple and good models for basic 
research. However, the dry solid samples, such as thin films, with thermal and photostability at room conditions 
are needed for practical application. 

The optical properties of thin films obtained by coating of dye layer on an island metal film formed by the 
heterogeneous assembly of plasmonic nanoparticles were studied. Pseudoisocyanine (PIC) was used as dye 
to form self-organized J-aggregate with the maximum of exciton absorption of 583 nm. To adjust the overlap 
of the exciton and plasmon resonances, the properties of the island film such as deposited metal or the 
equivalent thickness. In the first case, it is possible to provide a shift of 100 nm by switching from silver to gold. 
The second is responsible for the characteristic sizes of nanoparticles in the ensemble. 

2. SAMPLES AND METHODS 

The sapphire substrates, transparent in the visible range, was used to obtain the dry thin-film samples. Metal 
island films were obtained by thermal deposition of metal (Ag or Au) with deposit rate of 0.01 nm/s on sapphire 
substrates heated to 200 ° C in a vacuum chamber Kurt Lesker PVD 75. The pressure of residual gases in the 
chamber at deposition was maintained at a level of ~ 3 • 10-7 Torr. The equivalent thickness of films (3.5 or 5 
nm) was controlled by quartz microbalances [10]. Growth island film on sapphire substrates occurs according 
to the mechanism of Volmer-Weber [11]. The absorption spectrum of the island film is inhomogeneously 
broadened due to a size variation of the obtained nanoparticles (Figure 1). 
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Figure 1 Absorption spectra of: Ag films with thickness of 3.5 nm (1) and 5 nm (2), Au films with thickness  
of 3.5 nm (3) and 5 nm (4)   

1,1'-diethyl-2,2'-cyanine iodide (Figure 2), pseudoisocyanine dye (PIC), was used to form J-aggregates by 
self-organization. The standard method for obtaining J-aggregates is the dissolution of the dye in water with 
addition of salt to activate aggregation [12]. We have developed an original method of obtaining J-aggregates 
[13]. The saturated ethanol solution of PIC without the addition of salt was heated up to 60 oC to provide self-
aggregation. After cooling for 10 minutes, 4 drops of the dye solution (total volume is 0.006 ml) was spin-
coated upon substrate with island film. After rotation for 2 minutes with 1000 rpm the sample was dried under 
room conditions for 30 minutes. The thickness of the resulting dye layer varied from 30 to 50 nm. 

 

Figure 2 Chemical structure of PIC 

The optical density spectra were measured in the range 200-1100 nm with a step of 1 nm by the 
spectrophotometer SF-56 (OKB "Spectrum" - LOMO).  

3. EXPERIMENTAL RESULTS AND DISCUSSION  

The absorption spectrum of the PIC ethanol solution, prepared by original method, is predominantly 
determined by the monomer, and the concentration of aggregates is insignificant [13]. The spectrum of the 
organic film, obtained from the solution, is broadened due to presence of different molecular forms (Figure 3), 
such as all-trans- (A) and cis-isomers (C), dimer (D), and J-aggregate (J) [14,15]. The most intense absorption 
band at 583 nm is demonstrated by the J-aggregate. 
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Figure 3 Absorption spectrum of PIC layer on sapphire substrate and its separation into the spectra of the 

molecular forms: all-trans- (A) and cis-isomers (C), dimer (D) and J-aggregates (J) 

The absorption of a hybrid film was not the sum of the absorption of the cyanine dye layer and nanoparticle 
extinction. The increase of the absorption of all molecular forms is observed for hybrid film with silver 
nanoparticles in contrast to gold nanoparticles (Figure 4), assuming that the surface concentration 
of molecules is the same. Nevertheless, the spectral dip at a wavelength of 583 nm is noticed for the hybrid 
films with nanoparticles of both metals. The increase of the absorption of all molecular forms is observed for 
hybrid film with silver nanoparticles in contrast to gold nanoparticles (Figure 4), assuming that the surface 
concentration of molecules is the same. Nevertheless, the spectral dip at a wavelength of 583 nm is noticed 
for the hybrid films with nanoparticles of both metals. This is the wavelength of the exciton absorption 
maximum of the J-aggregate [12], which can overlap with the plasmon frequency of some nanoparticles 
of inhomogeneous ensemble of island film. This can lead to the strong interaction of the plasmon and the 
exciton, as well as, the formation of energy level splitting, which shows itself as a spectral dip [1,2,8]. 

 

Figure 4 Absorption spectra of the organometallic films depending on the thickness of the island film 
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The ratio of the peaks near the spectral dip in the absorption maximum of J-aggregates changes depending 
on equivalent thickness (3.5 or 5 nm) of the island film (Table 1). This reflects the change in the formation and 
concentration of nanoparticles with plasmon resonance at the wavelength of the J-aggregates. 

Table 1 Dependence of the ratio of the absorption intensities of the right and left peaks on the equivalent  
  thickness of the island film for different metals  

Equivalent thickness, nm Ratio of the peaks, Iright/Ileft 

Ag film Au film 

3.5 0.45 1.05 

5  0.80 1.09 

4. CONCLUSION 

The optical properties of thin films performed the resonance overlapping of pseudoisocyanine J aggregates 
exciton and plasmon of the inhomogeneous ensemble of metallic nanoparticles was studied. The absorption 
of a hybrid film was not the sum of the absorption of the cyanine dye layer and nanoparticle extinction. The 
increase of the absorption of all molecular forms is observed for hybrid film with silver nanoparticles in contrast 
to gold nanoparticles. The spectral dip in the absorption spectrum of the hybrid film at the maximum of the J-
aggregate band at 583 nm was observed. The dip can be explained by the strong coupling of the exciton 
transition in J aggregate with the plasmon resonance of nanoparticles.  
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Abstract  

We have developed the technology of the deposition of the nominally undoped ZnO nanocrystalline thin films 
by DC reactive magnetron sputtering of Zn target in the gas mixture of argon and oxygen plasma. We have 
optimized the photoluminescence spectroscopy for measuring optically scattering thin layers with the high 
sensitivity, precise sample positioning and very low influence of the scattered excitation light. Here we present 
the latest results on the enhancement of the photoluminescence of the nanocrystalline ZnO thin films after 
plasma hydrogenation. The photoluminescence in near UV region has been enhanced whereas the deep 
defect related photoluminescence has been significantly decreased. We found good room temperature stability 
of the plasma hydrogenated ZnO nanocrystals in air, but fast degradation at elevated temperature. 

Keywords: Nanomaterials, ZnO, photoluminescence, magnetron sputtering 

1. INTRODUCTION 

The high electron mobility, high thermal conductivity and tunable electrical conductivity make ZnO suitable for 
a wide range of devices, including transparent thin-film transistors, photodetectors, light-emitting diodes and 
laser diodes that operate in the blue and ultraviolet region of the spectrum. ZnO is a semi-conductor with 
optical transparency in the visible spectral range, large exciton binding energy and strong room temperature 
photoluminescence [1]. The native point defects [2] and oxygen vacancies [3] have been studied including 
their sensitivity to hydrogen. The experimental results indicate that the OH and H bonds play the dominant role 
in facilitating surface recombination [4]. Moreover, hydrogen works as a shallow donor as shown by 
photoluminescence and photoconductivity measurements [5]. The hydrogen plasma treatment passivates 
deep defects [6] and it influences the relative luminescence intensities of bound excitons, in particular, the PL 
intensity at 3.363 eV (369 nm) [7]. The annealing in H2 atmosphere at temperature above 800°C enhanced 
significantly excitonic emission in ZnO nanoparticles [8].  

The RF sputtering technique has drawn considerable attention since the films properties can be controlled by 
changing the sputtering conditions. In our previous paper we have shown the effect of hydrogen plasma 
treatment on the nominally undoped ZnO thin film deposited by DC reactive magnetron sputtering of Zn target 
in the gas mixture of argon and oxygen plasma [9]. After oxidation due to thermal annealing in air, the optical 
absorption was significantly reduced in the infrared region and the electrical resistivity increased. After 
hydrogen plasma treatment, the increase of the infrared optical absorption, related to free carrier 
concentration, was detected below the optical absorption edge [10]. The increase of the optical absorption 
goes with the increase of the electrical conductivity related to the increase of the free carrier concentration. 
Moreover, we have developed the software based on the contactless reflectance interferometry as the fast 
method of the thin film thickness evaluation from the optical interference fringes [11]. 
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In this paper we show how the photoluminescence of the plasma hydrogenated nanocrystalline ZnO layer 
correlates with optical absorption edge. Moreover, we study the stability of the plasma hydrogenated 
nanocrystalline ZnO layer upon exposition to air at room and elevated temperature. 

2. EXPERIMENTAL  

2.1. Reactive magnetron sputtering 

The 450 nm thick ZnO layer was deposited on fused silica glass substrate by reactive magnetron sputtering in 
the stainless-steel vacuum chamber using a Zn target and O2 plasma. The Zn target was sputtered in a DC 
capacitive couple glow discharge plasma (grounded substrate holder at temperature 400°C, constant potential 
of +400 V on the target, DC current of 0.13 A) of a reactive mixture of argon (purity 99.99 %, flow rate 2.0 
sccm) and oxygen (purity 99.95 %, flow rate 0.5 sccm) under pressure of 1 Pa [12]. 

2.2. Plasma hydrogenation 

The plasma hydrogenation was done in the stainless-steel vacuum chamber at room temperature using 9 W 
rf discharge at 13.56 MHz, hydrogen flow 50 sccm and pressure 70 Pa. Prior the plasma hydrogenation, the 
vacuum chamber had been evacuated down to the pressure vacuum 10-7 Pa. 

2.3. Photothermal deflection spectroscopy 

The photothermal deflection spectroscopy (PDS) measures directly the optical absorption of thin films with 
sensitivity of four orders of magnitude [13]. The measured sample is immersed in transparent liquid with the 
probe laser beam passing parallel to the sample surface. The sample is illuminated by the monochromatic light 
and the heat absorbed in the sample deflects the probe laser beam with the amplitude of the deflection being 
proportional to the optical absorption. Thus, the optical absorptance is detected by the position detector 
normalized on the deflection measured using black sample [14].  

2.4. Photoluminescence spectroscopy 

The steady state photoluminescence (PL) 
spectra of the highly scattering ZnO thin films 
were measured in the 360−660 nm spectral 
range using the f/4 double gratings 
monochromator SPEX 1672 equipped with two 
1200 grooves/mm gratings blazed at 500 nm 
with less than 10-9 scattered light. The 
photoexcitation was provided by the 1 mW 
LEDs with maximum intensity centered at the 
wavelength 340 nm and optically filtered by 
narrow band pass optical filter featuring 90 % 
transmission and OD 6 blocking outside of the 
330−350 nm passband. The sample holder was 
positioned by two perpendicularly oriented 
translation stages manually driven by adjuster 
screws for precision motion, see Figure 1. The 
scattered and emitted light was collected and 
focused onto the monochromator input slit by 
two 90° off-axis mirrors coated by UV 
enhanced aluminium. The PL signal was 

Figure 1 The detail of the photoluminescence setup: (1) 
optical fiber, (2) collimator, (3) bandpass filter, (4) 

focusing lens, (5) sample holder, (6) XY stage, (7-8) 90° 
off axis mirrors, (9) monochromator entrance slit 
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detected in dc mode by the cooled multi-dynode multi-alkali red sensitive photomultiplier (Photonis XP2203B) 
and the electrometer Keithley 6517A providing a high voltage for photomultiplier. The dark anode current was 
2 pA, maximum photocurrent 1 µA and the noise 0.5 pA 

3. RESULTS AND DISCUSSION  

Figure 2 compares the photoluminescence (PL) emission and optical absorptance (A) spectra of the as grown 
and plasma hydrogenated ZnO thin film grown on fused silica glass substrate by reactive magnetron 
sputtering. Both the PL as well as A spectra were measured at room temperature. The A spectra show the 
optical absorption edge below 400 nm. The band gap of a single crystal ZnO 3.37 eV at room temperature 
corresponds to the wavelength 368 nm and the free-exciton binding energy in ZnO is 60 meV [15]. This large 
exciton binding energy indicates that efficient excitonic emission in ZnO can persist at room temperature. 
Indeed, Figure 2 shows the exciton-related peak at 372 nm (3.33 eV) in the A spectrum of the hydrogenated 
nanocrystalline ZnO [16]. It should be noted that various authors report lower band gap values for the 
polycrystalline ZnO depending on the deposition conditions [17]. Figure 2 shows that the PL signal is very low 
in the as grown sample. The PL signal strongly increases after plasma hydrogenation. The emission peak at 
380 nm has been contributed to the indirect annihilation of intrinsic excitons with the simultaneous emission 
of one LO phonon [18].  

 
Figure 2 The comparison of the photoluminescence (PL) emission and optical absorptance (A) spectra 

of the as grown (PL before hydr.) and plasma hydrogenated 450 nm thick nanocrystalline ZnO layer grown 
on fused silica glass substrate by reactive magnetron sputtering 

The photoluminescence of the hydrogenated nanocrystalline ZnO layer slightly decreased after several weeks 
in air, see Figure 3. This indicate good room temperature stability of the plasma hydrogenated ZnO 
nanocrystals in air. However, the degradation of the UV PL intensity is much faster at elevated temperatures. 
Figure 3 shows that the significant deterioration occurs at 150°C in air within 1 h. Since our sample has been 
deposited in O2 rich environment at 400°C, the ZnO nanocrystals should be stable in air at 150 °C. In general, 
the annealing in air atmosphere improves the crystal structure and optical properties of ZnO nanocrystals [19]. 
Thus, the observed degradation of the exciton-related PL intensity indicates that the involved processes are 
related to the surface oxidation. This hypothesis needs to be proved by further XPS and FTIR measurements 
that we plan in near future. However, our previous results on ZnO nanorods have shown that the surface 
composition drastically changes upon the exposure to O-plasma. The plasma treatments increased the 
presence of non-lattice oxygen in the form of Zn-O-H and Zn-O−Zn [20].  
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Figure 3 The degradation of the photoluminescence intensity of the plasma hydrogenated nanocrystalline 

ZnO layer after 7 weeks in air at room temperature followed by annealing in air for 1, 2 and 17 hours  
at 150°C 

4. CONCLUSION 

The nanocrystalline ZnO thin films were deposited by DC reactive magnetron sputtering of Zn target in the gas 
mixture of argon and oxygen plasma followed by hydrogen plasma treatment. The optical properties of the 
optically scattering were measured using the optimized spectrophotometer 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 380 nm is influenced significantly by the plasma 
treatment and it correlates with the peak in the optical absorption spectra. In general, hydrogenation enhances 
the UV luminescence and passivates the visible emission. Our results indicate good room temperature stability 
of the exciton-related photoluminescence of the plasma hydrogenated ZnO nanocrystals in air, but the fast 
degradation at elevated temperatures. 
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Abstract 

The hydrogenated amorphous silicon layers (a-Si:H) were deposited by PECVD method on quartz substrates. 
During interruption of PECVD process the vacuum chamber was pumped up to 10-5 Pa and 1 nm thin films 
of Germanium or Tin were evaporated on the surface. The materials form isolated nanoparticles (NPs) on the 
a-Si:H surface. Then the deposited NPs were covered and stabilized by a-Si:H layer by PECVD. Those two 
deposition processes were alternated 5 times. The a-Si:H thin films with integrated Ge or Sn NPs were 
characterized optically by PDS and CPM methods, and microscopically by SEM and AFM microscopies. 
Optical and microscopic properties of the structures are correlated and discussed considering their application 
in photovoltaics. 

Keywords: Thin films, a-Si:H, nanoparticles, Germanium, Tin 

1. INTRODUCTION 

Single solar cells based on hydrogenated silicon thin films show the highest efficiency of photovoltaic 
conversion for the mixed-phase structure (partly amorphous and partly microcrystalline) [1]. The amorphous 
phase is characterized by higher optical absorption coefficient in near infrared region, while the crystalline 
phase shows better electrical properties and high stability. However, its band gap is indirect, the absorption 
coefficient is lower and the final photovoltaic structure has to be thicker [2]. A way to increase the optical 
absorption coefficient is to integrate another kind of nanoparticles (NPs) with direct or near direct band gap to 
silicon structures. The Plasma Enhanced Chemical Vapor Deposition (PECVD) in combination with Vacuum 
Evaporation (VE) and Plasma Treatment (PT) was already demonstrated as convenient solution for the 
deposition of hydrogenated amorphous silicon (a-Si:H) thin films with integrated silicide NPs [3]. We have 
shown that the NPs embedded in a-Si:H thin film significantly enhance the near infrared optical absorption. 
The a-Si:H based diodes with embedded magnesium silicide NPs showed under illumination similar open 
circuit voltage and fill factor as diodes without NPs, but the defects induced by NPs deteriorated the short 
circuit current. In this contribution we present the combined technique as a suitable process for in situ 
depositions of diode structures based on a-Si:H with embedded Ge or Sn NPs. The possible application 
of such NPs to increase absorption in very thin a-Si:H films is discussed with a view of improving the efficiency 
of the resulting photovoltaic structure. 

2. EXPERIMENTAL  

A special setup with a home made vacuum chamber (Figure 1) allows to alternate both deposition processes, 
PECVD and VE from a Tungsten boat. For the deposition of a-Si:H thin films we used these parameters: flow 
rates of gasses: hydrogen 50 sccm, silane 2.36 sccm, (4.5 % of silane in mixture), pressure of gasses during 
the deposition 30 Pa, RF power 18 W for glow discharge excitation at the industrial frequency 13.56 MHz (size 
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of electrode: 62 x 62 mm2, distance of electrodes: 32 mm) and deposition temperature 220 °C. The thickness 
of evaporated Ge or Sn was controlled by the Standard Quartz Crystal Sensor, typical thickness was 1 nm. 
Thin film structures were deposited on a fused silica glass substrates. Always two substrates were used for 
deposition of a-Si:H, one for the thin film with Sn or Ge NPs and one for the thin film without NPs which was 
used as reference. The deposition processes were alternated 5 times, the last deposition of NPs was not 
covered by a-Si:H. Final deposition process was evaporation of Titanium stripes with 2 mm distance as 
electrodes. Figure 1 (on the right) shows a schematic of the final structure. This method was used to prepare 
samples 3K77, 3K78, 3K79, 3K80 with Sn NPs with different regime of hydrogen PT and sample 3K93 with 
Ge NPs. The deposited layers were characterized by scanning electron microscope (SEM) Maia3 FE-SEM 
(Tescan), high resolution transmission electron microscope (HRTEM) JEOL JEM 3010 (Japan) equipped with 
a thermo-emission LaB6 cathode and operated at 300kV. Surface topography was scanned also by an atomic 
force microscope (AFM) NTEGRA Prima (NT-MDT) by a Multi75E-G probe (BudgetSensors) in semicontact 
mode. The optical absorption coefficients of a-Si:H with embedded Ge NPs were measured by CPM - Constant 
Photocurrent Method [4] and with embedded Sn NPs measured by PDS - Photothermal Deflection 
Spectroscopy [5].  

      

Figure 1 Deposition setup capable of alternation of two different deposition processes - PECVD and VE  
(on the left) and a schematic picture of requested structures of a-Si:H thin films with embedded Ge or Sn 

NPs (on the right). 

3. RESULTS AND DISCUSSION 

While a control structure of a-Si:H without NPs (Figure 2a) shows only fluffy 40 nm structures belonging to 
hydrogenated silicon, the picture of a-Si:H with NPs (Figue 2b) proves presence of Sn NPs with maximal size 
about 20 nm. HRTEM analysis of prepared films reveals that Sn is present in form of round nanoparticles with 
sizes in the range of approx. 4-10 nm. In the bright field (BF) images (Figure 2c) the Sn particles are displayed 
as darker spots on brighter a-Si:H film. Diffraction patterns (Figure 2c, in corner) obtained from the film show 
only week diffuse circles typical for amorphous material. The dark field (DF) image (Figure 2d) shows crystal 
origins with size 1-2 nm embedded in mostly amorphous material. Although for the recrystallization of the 
amorphous structures Si and evaporated metallic Sn we used high RF power for hydrogen PT the crystal NPs 
(like the one in Figure 2b) were observed rarely. That is why we could not prove any creation of the diamond 
respectively α-crystalline structure of the Sn NPs. 
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Figure 2 Typical SEM images of a) surface of a control a-Si:H film, b) a-Si:H thin film covered by Sn NPs, 
c) typical HRTEM BF image of a-Si:H with Sn particles on its surface, with corresponding diffraction pattern 

(inserted in corner), d) HRTEM DF image of the film. DF aperture used for d) is marked in the diffraction 
pattern in c). 

 

Figure 3 AFM surface topography of a) control a-Si:H,  
b) a-Si:H with Sn nanoparticles, and c) a-Si:H with Ge nanoparticles 

AFM surface topography of the control a-Si:H structure (Figure 3) corresponds well to the SEM image. The 
structure with Sn NPs is visually finer, yet the RMS roughness is slightly higher (3.4 nm) than in the case of the 
control structure (2.8 nm). Features on the surface of the structure with Ge NPs look similarly to the control 
sample and the RMS roughness is also the same.  

Figure 4 shows the spectra of the optical absorption coefficients of a-Si:H with embedded Ge NPs (measured 
by CPM) and with embedded Sn NPs (measured by PDS). The absorption coefficient of a reference a-Si:H 
sample without NPs and of a crystalline silicon (c-Si) is displayed for comparison [6]. In the near infrared region 
the measurements show the optical absorption edge of a-Si:H that is for all thin films with encapsulated NPs 
shifted to lower energies together with an enhanced absorption. For proper comparison both samples (with 
and without NPs) deposited at the same time were treated by high energy RF Hydrogen plasma immediately 
after evaporation of NPs. For whole set of samples this process was repeated 5 times during deposition of non-
doped a-Si:H thin film. The basic requirement for successful usage of embedded NPs is an increased 
absorption. However, NPs must not increase the number of defect levels in the amorphous structure. 
According to the measured results this requirement was successfully fulfilled for the sample 3K93 - for 
embedded Ge NPs.  
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Figure 4 Spectra of the optical absorption coefficient a-Si:H thin films with and without embedded NPs. a-
Si:H with and without Ge NPs (see the left picture) were measured by CPM. The right picture demonstrates 
absorption coefficient for thin films with and without embedded Sn NPs measured by PDS. Differences in 

dependences are given by different plasma treatment of deposited Sn NPs - see text. The absorption 
coefficient of c-Si in both pictures has been added for comparison. 

For the set of samples with embedded Sn NPs the PDS measurements are significantly more sensitive than 
optical transmittance spectroscopy. The a-Si:H generally shows enhanced optical absorption in the visible light 
spectral region 1.9 - 3.4 eV compared to c-Si [6]. The exponential decrease of the optical absorption coefficient 
in a-Si:H at photon energies below 1.9 eV is related to tails of band-to-band electronic transition extended to 
band gap (Urbach edge). In the near infrared region below 1.5 eV the optical absorption coefficient is very low. 
Since there is the negligible optical absorption of the near infrared light, the quantum efficiency of the light 
conversion is also very low. Therefore, we have introduced the embedded Sn nanoparticles to enhance the 
optical absorption. Figure 4 shows that the Sn NPs embedded in a-Si:H increase the optical absorption 
coefficient above 104 times. This means that the light is strongly absorbed already in thin film with thickness 
of 35 nm. As both SEM and AFM characterization revealed changes in surface features of sizes below 20 nm 
(far lower than visible or even near infrared light wavelengths), it is highly unlikely that such huge change in 
optical absorption originates in different surface scattering and is a result of the presence of NPs. The 
differences in the absorption in this spectral region between different structures with Sn NPs reflect a different 
hydrogen plasma treatment. The a-Si:H surfaces after interruption of PECVD deposition were exposed to 
different power of the PT: 100 W for sample 3k77, 33 W for 3k79, 66 W for 3K80. In the case of samples from 
3K78 deposition the hydrogen PT was not applied.  

4. CONCLUSION 

In this contribution we demonstrate a possibility to integrate Ge or Sn NPs to intrinsic of a-Si:H thin films and 
to use this approach to increase the optical absorption in the films. The formation of Ge NPs in the amorphous 
structures, in the case of Sn NPs in metallic form, was confirmed by TEM measurements. The α-crystalline 
structure of the Sn NPs was not confirmed. We present the increase of absorption coefficient in visible part 
of light spectrum as well as a shift of the absorption edge toward lower energies. In the case of Ge NPs it is a 
needed prerequisite which can lead toward the requested increased efficiency of very thin PV diode structures 
of thicknesses only a few tens of nm. 
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BY CHEMICAL BATH DEPOSITION  

Roman YATSKIV, Nikola BAŠINOVÁ, Jan GRYM, Jan VANIŠ  

Institute of Photonics and Electronics of the CAS, Prague, Czech Republic, EU, yatskiv@ufe.cz 

Abstract 

We report on the properties of Eu-doped ZnO nanorods prepared by chemical bath deposition from aqueous 
solutions in an autoclave. The autoclave enables to grow the nanorods above the boiling point of water. The 
nanorods were characterized by scanning electron microscopy, secondary ion mass spectroscopy, and low 
temperature photoluminescence spectroscopy. Under the UV light excitation, the nanorods show a strong blue 
emission at 450 nm, which is associated with the 4f65d - 4f4 transitions of Eu2+ ions. We discuss the 
mechanisms responsible for the blue luminescence. We further clarify how the growth parameters affect the 
morphology and the optical properties of the nanorods. Growth temperatures above the boiling point of water 
significantly influence the intensity ratio of the near band edge emission to the deep level emission and greatly 
enhance optical quality of the nanorods. 

Keywords: ZnO nanorods, rare earth elements, europium, energy transfer, luminescence 

1. INTRODUCTION  

The low growth temperature of chemical bath deposition generally results in a high density of native point 
defects, which strongly affect electrical and optical properties of ZnO nanorods (NRs) [1]. Defect control in 
ZnO is one of the major issues to be solved for successful application in optoelectronic devices. While the 
growth temperature in conventional reactors is limited by the boiling point of the chemical bath (water solution), 
polypropiolactone (PPL) lined autoclaves enable to increase the temperature to 280 °C.  

ZnO is also attractive as a host material for visible luminescence centers. This is because ZnO or its 
nanostructures have a potential to be used as highly efficient and environmentally friendly phosphors [2-6]. In 
recent years, doping of ZnO with Eu ions has attracted a great attention. Eu can be incorporated either as Eu3+ 
ions, which show red luminescence, or as Eu2+ ions, which show blue luminescence. The emission from the 
Eu state under UV excitation is associated with the energy transfer from the host ZnO to Eu ions. The direct 
energy transfer from the ZnO exciton level to Eu excited state is unlikely, because the radiative/nonradiative 
decay of ZnO excitons is much faster than the energy transfer to the rare earth [5]. However, deep defect 
levels have been shown to facilitate energy transfer, resulting in efficient luminescence from Eu ions [6]. In this 
work, we demonstrate how the growth in an autoclave can improve optical properties of ZnO NRs. We further 
report on blue luminescence from Eu doped ZnO NRs. 

2. EXPERIMENTAL 

The nanostructured ZnO seed layers were prepared by the sol-gel synthesis on n-type Si substrates. Detailed 
information on the preparation of c-axis oriented seed layers was given in our previous work [7], where the 
oriented seed layer was shown to be a prerequisite for the vertical alignment of ZnO NRs. The ZnO NRs were 
grown on the seed layers by chemical bath deposition from aqueous solutions consisting of zinc nitrate 
hexahydrate and hexamethylenetetramine (HMTA) in PPL lined autoclave placed in a muffle furnace at 95 - 
280 °C for 1 - 6 h. Europium nitrate hydrate was used for the doping of ZnO NRs with Eu. The surface 
morphology of undoped and Eu-doped ZnO NRs was observed by scanning electron microscopy (SEM). The 
seed layer thickness was evaluated from the cross section SEM images. PL spectra were measured with a 
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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 a photomultiplier detection system (S1 operated at 77 K). The 
PL spectra for all samples were measured at identical condition (slits, power density, and set-up configuration). 
Secondary-ion mass spectrometry (SIMS) was used to analyze the composition of ZnO:Eu NRs and to 
determine the Eu dopant depth concentration using the time of flight SIMS spectrometer installed in a dual 
beam (FIB-SEM) chamber. All TOF-SIMS spectra were measured using the Ga+ ion beam with the energy 
of 30 keV and current of 200 pA. 

3. RESULT AND DISCUSSION 

Figure 1 shows top-view and cross-sectional SEM images of ZnO NRs prepared in both a conventional open-
system reactor (batch reactor) [8] and in the autoclave.  

 

Figure 1 Top-view and cross-sectional SEM images of: (b) undoped ZnO NRs grown in the batch reactor 
and (c-g) in the autoclave; and (h,i) Eu doped ZnO NRs grown in the autoclave 

Vertically oriented NRs with the diameters corresponding to the size of the nanocrystals of the seed layer were 
grown in both reactors when identical growth conditions (95 °C and 2 h) were employed (Figure 1b,c). 
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Nevertheless, in the autoclave, the length of the ZnO NRs was significantly lower, while their density was 
larger, which is related to higher nucleation density of the NRs in the autoclave. This difference in the NR 
length is related to the fact that the growth is diffusion limited; the growth units are quickly incorporated into 
the c-planes of the NRs and the diffusion is the limiting factor. The larger is the integral area of c-planes, the 
lower is the vertical growth rate. The NR length can be easily tuned by increasing the growth time  
(Figure 1c-e). At elevated temperature of 160 °C, the top surface of the nanorods changes form flat to 
pyramid-like morphology (Figure 1g). This change in morphology can be ascribed to the etching of ZnO 
nanorods by the undersaturated growth solution. At higher temperatures, the growth solution becomes quickly 
depleted of the growth units by both homogeneous and heterogeneous nucleation and growth. Growth times 
increased above 2 h result in the etching of the seed layer. Figures 1h and 1i show SEM images for Eu-doped 
ZnO NRs (5 % in the growth solution) prepared under optimum growth conditions. 

Figure 2 shows positive ion mass spectra of undoped ZnO NRs (a) and Eu-doped ZnO NRs (b) grown under 
the same conditions (160 °C, 2 h) with well pronounced peaks of Ga, Zn, Si and Eu ion isotopes. 
Corresponding depth distribution of 151Eu and 64Zn ion isotopes is shown in Figure 3. Depth of the interface 
corresponds to the NR height distribution observed by SEM. The higher ion yield close to the ZnO/Si interface 
is related to the unique geometry enhancing the generation of secondary ions. 

 
 

Figure 2 Mass spectra for undoped ZnO NRs (a) 
and Eu-doped ZnO NRs (b) 

Figure 3 Depth distribution of the 64Zn (top) and 
151Eu (bottom) ion isotopes for ZnO NRs and Eu-

doped ZnO NRs 

Figure 4i shows photoluminescence (PL) spectra of ZnO nanorods from Figure 1. The measured spectra are 
typical for the nanorods grown from solutions with the near band edge emission (NBE) in the UV region and 
the broad deep level emission (DLE) in the visible region. At room temperature the DLE is composed of the 
red luminescence at 1.82 eV (RL), orange luminescence at 2.05 eV (OL), and yellow luminescence at 2.2 eV 
(YL) [7,8]. The quantitative picture of the PL spectra for different growth temperatures and different growth 
times does not change (Figure 4i-b,c,d,e); however, when the growth temperature increases, the NBE/DLE 
intensity ratio also increases. This indicates substantial improvement of the optical and structural properties 
of the ZnO NRs (inset Figure 2i). The low temperature PL spectra in Figure 4ii-c,d,e, show that when the 
length of the ZnO NRs is higher than 500 nm, the near band edge emission is dominated by the donor bound 
exciton at 3.36 eV (DBE) and donor-acceptor transition 3.22 eV (DAP) [9]. The lines at 3.31 eV labeled as A 
are associated with the bound exciton to structural defect transition and were observed only for the seed layers 
or for the NRs with the length lower than 500 nm [8,10]. The presence of the luminescence at 3.31 eV for the 
ZnO NRs (l < 500nm) is due to superimposed defect luminescence from the seed layer.  
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Figure 4 PL spectra measured at (i) room temperature and (ii) at 4.2 K. The samples (b) - (g) correspond 
to nomenclature from Figure 1. (a) PL spectra for the seed layer prepared by the sol-gel method.The inset 

shows the INBE/IDLE ratio as a function of the growth time. BR - batch reactor, PPL LA - autoclave. 

The Influence of Eu-doping on the emission spectra of the ZnO NRs is presented in Figure 5. Under 325 nm 
excitation, a new blue emission band (BL) peaked at 450 nm was observed for the samples with the growth 
temperature higher than 160 ° C. The BL emission can be associated with the 4f65d - 4f4 transitions 
of Eu2+ [11]. The diagram of the energy transfer process from ZnO to Eu2+ is shown in Figure 6. Two 
mechanisms can be responsible for the BL; the Eu2+ 5d state is either excited directly by the 325 nm laser 
wavelength or the energy transfer is mediated by the deep levels. 

 

 

 

Figure 5 PL spectra measured at room temperature 
from ZnO NRs grown in the autoclave at 160 °C for  

2 h. (a) undoped, (b,c) ZnO:Eu (5 %). The inset 
shows the PL spectra measured at 4.2 K. 

Figure 6 Energy level scheme: excitation 
and emission mechanisms of Eu2+ ions in ZnO 

4. CONCLUSION 

We demonstrated that the ZnO NRs grown in the autoclave above the boiling point of water possess improved 
optical properties in comparison with conventionally grown NRs. Moreover, these elevated temperatures are 
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essential for the incorporation of Eu ions into ZnO crystal lattice. Under the 325 nm laser excitation, we did not 
observe the typically reported red emission associated with intra - 4d transition of Eu3+ ions. However, we did 
observe a blue emission peaked at 450 nm associated with the 4f65d - 4f4 transitions of Eu2+. We ascribed the 
origin of the blue luminescence to the energy transfer between the deep level defects in ZnO NRs and the 
Eu2+ ions. 
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Abstract 

Iron oxides, especially the Fe3O4 and γ-Fe2O3 phases, play a significant role in potential applications 
of nanomaterials due to their suitable features such as biocompatibility, magnetic and optoelectronic 
properties. Moreover, it is convenient to use Fe3O4 for some applications, such as Li-ion batteries, because 
of its combined valence states of iron. Therefore, it is highly desired to distinguish the two, otherwise similar, 
iron oxide phases and to evaluate the degree of Fe3O4 stoichiometry. Genuinely, a proper characterization 
of these compounds can be problematic due to their similar structures and the common occurrence of non-
stoichiometric iron oxide forms and their mixtures in the nanosystems. In this respect, 57Fe Mössbauer 
spectroscopy is regarded as a powerful tool for the identification of different forms of iron oxides as well as for 
the distinguishing between core-shell structures and mixtures. The present contribution is focused on 
theoretical 57Fe Mössbauer spectra of Fe3O4, γ-Fe2O3 and their different degrees of stoichiometry, with regards 
to the correct evaluation of the spectra. 57Fe Mössbauer spectra of two distinct levels of non-stoichiometric γ-
Fe2O3 and Fe3O4 were modelled and discussed. Furthermore, theoretical examples of 57Fe Mössbauer spectra 
of Fe3O4/γ-Fe2O3 mixture of 1/1 particle ratio and a core-shell structure, where Fe3O4 core takes up 75 % of the 
particle’s volume, are presented. 

Keywords: γ-Fe2O3, Fe3O4, stoichiometry, mixtures, 57Fe Mössbauer spectroscopy 

1. INTRODUCTION 

Iron oxides are considered as intriguing nanomaterials due to their importance in fundamental research as well 
as their convenient physicochemical properties such as nontoxicity, biocompatibility, outstanding magnetic, 
electronic and optoelectronic features together with relatively low-cost production possibilities, that offer a wide 
application potential [1-4]. They are frequently classified into two main groups - hydrated (i.e., hydroxides and 
oxide-hydroxides) and non-hydrated phases; in non-hydrated forms, iron ions are present in divalent (FeO), 
trivalent (Fe2O3) or both states (Fe3O4). Additionally, ferric oxide exhibits polymorphism; five crystalline 
(α-Fe2O3, β-Fe2O3, γ-Fe2O3, ε-Fe2O3, and ζ-Fe2O3) structures and amorphous Fe2O3 are known to date, from 
which Fe3O4 (mineralogically known as magnetite) and γ-Fe2O3 (mineralogically known as maghemite) are the 
two leading phases regarding applications [4,5]. 

When the particle size decreases, it generally becomes difficult to distinguish between Fe3O4 and γ-Fe2O3, 
because of the presence of their mixtures and nonstoichiometric structures [6]. Moreover, the degree 
of stoichiometry can affect particle’s physical and chemical properties such as reduction potential, conductivity, 
coercivity and saturation magnetization, etc. [3]. For some applications, e.g., in lithium-ion batteries, it is crucial 
to use materials with mixed valence states, and therefore to know and evaluate the degree of their 
stoichiometry. These factors could raise an issue - how to sufficiently characterize these oxides and their 
stoichiometry? The solution can be to employ 57Fe Mössbauer spectroscopy; a powerful tool which can provide 
the information about the present phases as well as the degree of their stoichiometry, i.e., the quantification 
of Fe2+/Fe3+ ratio. 
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In the present contribution, we focus on theoretical simulation of nanoparticulate assembly composed 
of nonstoichiometric Fe3O4, γ-Fe2O3, Fe3O4/γ-Fe2O3 mixture and a core-shell structure. Furthermore, we 
predict their Mössbauer spectral features which can be related to the experimental data of nanosystems with 
particle size not smaller than ~10 nm (below such threshold size limit, ultrafine nanoparticles adopt amorphous 
nature). The 57Fe Mössbauer spectra were simulated with the help of MossWinn programme with the input 
data from our vast knowledge on iron oxide nanoparticle systems [1,7]. The only variables in modelling of the 
spectra involved the degree of stoichiometry and the phase volume ratio for mixture and core-shell structure 
while the rest of the parameters (e.g., particle size distribution, morphology, temperature fluctuations, etc.) 
were not considered. Therefore, we accept possible slight differences between theoretical spectra modelled 
here and those experimentally observed. 

2. γ-Fe2O3, Fe3O4 AND THE EVALUATION OF THEIR STOICHIOMETRY 

The two phases of non-hydrated iron oxide, γ-Fe2O3 and Fe3O4, are not trivial to distinguish as mentioned 
earlier, which is due to their nearly identical crystal structures [8]. γ-Fe2O3 has a cubic crystal structure of an 
inverse spinel with a lattice parameter a = 8.35 Å and two non-equivalent cation positions. Tetrahedral (A) sites 
are occupied solely by Fe3+ ions and octahedral (B) sites are divided between ferric ions and vacancies. Ferric 
ions occupy A- and B-sites in stoichiometric γ-Fe2O3 in the ratio of 1/1.67 and its formula can be written as 

3 A 3 B

5/3 1/3 3(Fe ) (Fe ) O+ +
� , where the symbol �  means vacancies [9-11]. The space group of γ-Fe2O3 is 3Fd m  

if the vacancies are distributed over B-sites randomly, P4132 with partially ordered vacancies and tetragonal 
P43212 when the vacancies are fully ordered [11]. Magnetic moments of ferric ions in A- and B-sites are not 
equal and are in antiparallel alignment with respect to each other, therefore γ-Fe2O3 is a collinear ferrimagnet. 
Additionally, the experimental measurement of the Curie temperature is not possible due to the transformation 
to thermodynamically more stable α-Fe2O3 (hematite), in nanomaterials possibly via a rare phase ε-Fe2O3. 

Fe3O4 has a cubic crystal structure of an inverse spinel as well as γ-Fe2O3 but the lattice parameter a is slightly 
increased, i.e., a = 8.39 Å. Stoichiometric Fe3O4 has tetrahedral (A) sites and octahedral (B) sites occupied in 
the ratio of 1/2 since the B-sites are split between both Fe2+ and Fe3+ ions equally [3,8]. Nonetheless, Fe3O4 
often exists in non-stoichiometric form due to oxidization, which causes formation of vacancies and therefore 
shifting of the A/B ratio towards γ-Fe2O3. Its formula can be therefore written as Fe3-δO4, where the degree 
of stoichiometry δ can vary from 0 to 1/3, while zero value represents stoichiometric Fe3O4 and δ = 0.33 implies 
γ-Fe2O3 [2]. Moreover, if we account for the distribution of vacancies and their ratio to Fe2+ and Fe3+ ions, then 

the structural non-stoichiometric formula can be written as 3 A 2 3 B

1 2 1 2 4(Fe ) (Fe Fe ) Oδ δ δ
+ + +

− + � , where the symbol 

�  stands for vacancies [2,3]. Fe3O4 is a collinear ferrimagnet as well as γ-Fe2O3 with the Curie temperature 
of ~850 K. At room temperature, Fe3O4 exhibits a conductive behaviour due to the fast electron hopping 
between octahedral cations. As the temperature decreases to ~124 K, Fe3O4 undergoes the Verwey transition; 
a structural distortion from cubic to orthorhombic symmetry accompanied with a rapid drop in conductivity 
[8,12-14]. 

Crystal structures of stoichiometric γ-Fe2O3 and Fe3O4 are shown in Figure 1a,b together with their typical 
powder X-ray diffraction (XRD) patterns (see Figure 1c,d) and typical 57Fe Mössbauer spectra, with isomer 
shift values referred to  δ-Fe at room temperature and zero applied field (see Figure 1e,f), while their 
Mössbauer hyperfine parameters are listed in Table 1. The 57Fe Mössbauer spectrum of stoichiometric 
γ-Fe2O3 consists of two spectral components corresponding to ferric ions in the A-sites and in the B-sites. The 
stoichiometric form of Fe3O4 is in Mössbauer spectrum manifested by two spectral components, one originating 
from Fe3+ ions in the A-positions and the other from Fe2+ and Fe3+ ions in the B-positions with effective valence 
state of 2.5+ due to the fast electron hopping above the Verwey temperature [3,12]. 
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Figure 1 Crystal structures and typical XRD patterns and 57Fe Mössbauer spectra of (a, c, e) γ-Fe2O3 and (b, 
d, f) Fe3O4, on the right-hand side. In the Mössbauer spectra, the red line is corresponding to the overall fit, 
the blue line corresponds to ions in the A-sites and the green line refers to ions in the B-sites. Panel (a) is 

reprinted with permission from [1]. 

Table 1 57Fe Mössbauer hyperfine parameters typical for ideally stoichiometric forms of γ-Fe2O3 and Fe3O4,  
  where δFe is the isomer shift, ΔEQ is the quadrupole splitting, Bhf is the hyperfine magnetic field and  
  RA is the relative spectral area. The isomer shift values are referred to metallic δ-Fe at room  
  temperature 

phase δFe (mm/s) ΔEQ (mm/s) Bhf (T) RA (%) Assignment 

γ-Fe2O3 
0.25 0.00 50.0 37.5 Fe3+ A-site 

0.37 0.00 50.5 62.5 Fe3+ B-site 

Fe3O4 
0.25 0.00 48.9 33.3 Fe3+ A-site 

0.65 0.00 45.7 66.7 Fe2.5+ B-site 

Additionally, in the non-stoichiometric Fe3-δO4, Fe3+ ions also occur as isolated in the B-positions, which are 
not involved in the electron hopping effect and are manifested in the Mössbauer spectra by the presence of the 
additional third sextet. The degree of stoichiometry of Fe3-δO4 can be described also by the ratio xm of structural 
amount of Fe2+ and Fe3+ ions, given by the following relationship stated by Gorski and Scherer [3]: 
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The stoichiometry xm can vary from 1/2 for stoichiometric Fe3O4 to zero corresponding to completely oxidized 
form (i.e., γ-Fe2O3). The value of xm is obtained from 57Fe Mössbauer spectra as a ratio of relative areas 
of spectral components corresponding to Fe2+ and Fe3+ ions by the following equation [3]: 
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As the degree of stoichiometry shifts towards γ-Fe2O3, the amount of Fe2+ decreases; at some point, there is 
not enough Fe2+ ions to be detected by 57Fe Mössbauer spectroscopy, therefore the Fe2.5+ sextet is not 
resolved in the spectrum and xm cannot be evaluated. Nevertheless, these assemblies are rather closer to the 
structure of γ-Fe2O3 and their degree of stoichiometry can be estimated as the occupancy ratio of B/A sites, 
since we know that for stoichiometric γ-Fe2O3, the spectral ratio is equal to 1.67 [9]. 

We addressed this issue by modelling 57Fe Mössbauer spectra of two systems with different degrees 
of stoichiometry; one closer to the Fe3O4 and the other one closer to γ-Fe2O3, as can be seen in Figure 2. The 
theoretical 57Fe Mössbauer spectrum of non-stoichiometric Fe3O4 consists of three spectral components, 
corresponding to Fe3+ in A-sites, isolated Fe3+ in B-positions and Fe2.5+ in B-sites. The spectrum of the non-
stoichiometric γ-Fe2O3 consists of two spectral components corresponding to Fe3+ ions in A-sites and Fe3+ ions 
in B-sites. Their predicted hyperfine parameters are listed in Table 2. We estimated the degree of stoichiometry 
according to the B/A relative spectral areas ratio as δ1 = 0.14 and δ2 = 0.26. On the other hand, when we follow 
equation (2) and then equation (1) to obtain the value of δm (this procedure can be employed only for the non-
stoichiometric Fe3O4), then δm1 = 0.22. The vast difference in values δ1 and δm1 can be caused by the 
applicability of equations (1) and (2) to structures close to stoichiometric Fe3O4. This brings us to several issues 
and questions: (i) What is the threshold value of δ (or xm) when the structure cannot be considered Fe3O4-like 
and hence becomes non-stoichiometric γ-Fe2O3 illustrated by the grey area in Figure 2?; (ii) How to correctly 
evaluate the degree of stoichiometry in the close proximity of this threshold value? 

 

Figure 2 Theoretical 57Fe Mössbauer spectra of Fe3O4 particles with different degrees of stoichiometry δ; the 
blue lines correspond to Fe3+ in A-sites, the green lines refer to Fe3+ isolated in B-sites, the pink line 

corresponds to Fe2.5+ in B-sites and the red lines represent the overall fits 

The second modelled situation is the difference between Mössbauer spectra of Fe3O4/γ-Fe2O3 mixtures and 
core-shell assemblies, which is shown in Figure 2. The theoretical Mössbauer spectrum of a 1/1 mixture 
consists of four spectral components of which two are assigned to Fe3O4 particles, hence Fe3+ ions in A-sites 
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and Fe2.5+ ions in B-sites. The other two components refer to Fe3+ in A-sites and Fe3+ in B-sites in γ-Fe2O3. 
The theoretical spectrum of a core-shell assembly, on the other hand, consists of three spectral components. 
The first and second component is assigned to the Fe3O4 core and its Fe3+ ions in A-sites and Fe2.5+ ions in B-
sites, respectively. Since the core takes-up 75 % of the particle’s volume, the γ-Fe2O3 surface layer is 
extremely thin, hence the spectral components referring to γ-Fe2O3 cannot be resolved separately and are 
seen as one component. 

 

Figure 3 Theoretical 57Fe Mössbauer spectra of (a) a 1/1 mixture Fe3O4/ γ-Fe2O3; (b) core-shell particles 
Fe3O4/ γ-Fe2O3 of 3/1 ratio, where the red lines correspond to the overall fit, the blue lines refer to the Fe3+ 

ions in A-sites, the dark green lines represent Fe2.5+ in B-sites, the light green line refers to isolated Fe3+ in B-
sites and the blue line represents the sum of Fe3+ in A- and B-sites. 

Table 2 57Fe Mössbauer hyperfine parameters modelled for non-stoichiometric forms of γ-Fe2O3, Fe3O4,  
   γ-Fe2O3/ Fe3O4 and of a core-shell Fe3O4/γ-Fe2O3 structure, where δFe is the isomer shift, ΔEQ is  
   the quadrupole splitting, Bhf is the hyperfine magnetic field and RA is the relative spectral area. The  
   isomer shift values are referred to metallic δ-Fe at room temperature. 

phase δFe (mm/s) ΔEQ (mm/s) Bhf (T) RA (%) Assignment 

non-stoichiometric Fe3O4 

0.25 0.00 50.0 35 Fe3+ A-site 

0.37 0.00 50.0 40 Fe3+ B-site 

0.50 0.00 47.2 25 Fe2.5+ B-site 

non-stoichiometric γ-Fe2O3 
0.25 0.00 48.9 33.3 Fe3+ A-site 

0.65 0.00 45.7 66.7 Fe3+ B-site 

Fe3O4/γ-Fe2O3 1/1 mixture 

0.25 0.00 49 17.5 Fe3+ A-site 

0.80 0.00 45 34.5 Fe2.5+ B-site 

0.25 0.00 51 20 Fe3+ A-site 

0.37 0.00 50 28 Fe3+ B-site 

Fe3O4/γ-Fe2O3 core-shell 

0.25 0.00 49 25 Fe3+ A-site 

0.80 0.00 45 50 Fe2.5+ B-site 

0.31 0.00 48 25 Fe3+ A-sites + B-sites 

3. CONCLUSION 

In the present contribution, we theoretically addressed the topic of distinguishing between non-stoichiometric 
forms of γ-Fe2O3, Fe3O4 and between Fe3O4/γ-Fe2O3 mixtures and core-shell assemblies by 57Fe Mössbauer 
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spectroscopy. Some approaches to determine and quantify the degree of Fe3-δO4 stoichiometry have been 
proposed. Nevertheless, non-stoichiometric Fe3-δO4 materials can exist in a wide range of stoichiometry 
degrees δ varying from zero (Fe3O4) to 1/3 (γ-Fe2O3), when, in some cases, the procedures of stoichiometry 
determination, suggested in the literature so far, fail to some extent in terms of identifying the correct phase 
nature. In other words, here we highlight a peculiar situation frequently occurring in experimental samples, 
when the non-stoichiometry of the two iron oxide forms is in between or close to the middle δ value and it is 
hard to state if this phase carries the structural features of Fe3O4 or γ-Fe2O3. Therefore, it is an issue of further 
research to find the threshold value of stoichiometry degree δ (or xm) between the two structures Fe3O4 and 
γ-Fe2O3. A possible solution is viewed in employing 57Fe Mössbauer spectroscopy with an applied magnetic 
field, which would provide better resolution of individual spectral components and, hence, more precise 
determination of the stoichiometry parameter. Such information could then be related with data from XRD 
technique in terms of changing the lattice parameters values with vacancy ordering upon oxidation from Fe3O4 
to γ-Fe2O3 as frequently observed in the literature [1]. 
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Abstract 

We use the formerly derived explicit analytical expressions for the conductivity of nanostructured 
superconductors supercooled below the critical temperature in electric field. Computer simulations reveal that 
the negative differential conductivity region of the current-voltage characteristic leads to excitation of electric 
oscillations. We simulate a circuit with distributed elements as a first step to obtain megahertz oscillations. This 
gives a hint that a hybrid device of nanostructured superconductors will work in terahertz frequencies. If the 
projected setup is successful, we consider the possibility to be put in a nanosatellite (such as a CubeSat). A 
study of high temperature superconductor layers in space vacuum and radiation would be an important 
technological task.  

Keywords: Thin nanostructured superconductor film, negative differential conductivity, oscillations 

1. INTRODUCTION 

The purpose of the present work is to present a numerical simulation, which shows the generation of high-
frequency oscillations created by a thin superconducting film supercooled bellow the critical temperature Tc in 
external electric field E. The idea was first proposed more than 10 years ago [1] and now we are giving details 
on how to start the experimental work using radio frequency oscillations with distributed elements (resistors, 
capacitors and inductors). The main idea is to insert a supercooled superconductor with negative differential 
conductivity as an active element in a resonance circuit. The simulation presented in this work aims to trigger 
the analogous development of the terahertz region where the resonance circuit will be implemented on the 
same hybrid nanodevice which will emit coherent terahertz waves. 

2. FLUCTUATION CONDUCTIVITY IN ELECTRIC FIELD 

Our starting point is the result for the two-dimensional fluctuation current density j2D in external electric field  
[2-3] see also [4] 

>?@ = AB C D< +  DFG, IJK*,             (1) 

where β is the dimensionless electric field and ϵ is the reduced temperature 

I = LM NO
0P �QRS =  MNO

ℏ/VW ,          G = ln R
RX ≈ RZRX

RX             (2) 

defined by the coherence length ξ 

−[\ ]^S_
]R `RX

= aW
?LN_ ,            bB =  Lℏ

|M|,            (3) 

the critical temperature Tc or a time constant τ0, related to the relaxation of the superconducting order 
parameter 

ℏ
VW = 0P �QRX

L ,               (4) 
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where kB is the Boltzmann constant. The constant σ0 = e2/16ħ with dimension of conductivity represents the 
Aslamazov-Larkin conductivity above Tc for evanescent electric field E →0 σAL = e2/16ħϵ for ϵ>0. The normal 
conductivity σn is parameterized by the dimensionless Sn= σn/σ0. 

The dimensionless function S(ϵ, β) of reduced temperature ϵ and electric field β 

DFG, IJ =  d expf
B g−Gh −  i

1 h1j dh,            (5) 

describing the fluctuation conductivity is depicted in Figure 1. 

Figure 1 The logarithm of the dimensionless conductivity S(ϵ, β) as a function of reduced temperature ϵ 
and dimensionless electric field β, equation (5). 

This formula for the current equation (5) is a consequence of time-dependent Ginzburg-Landau equation, 
which is applicable below Tc if the coherent superconducting order parameter is destroyed by a constant 
electric field. For ϵ = 0 the integral is elementary, while in other cases the substitution k = |G|h reduces the 
integral to well-known special functions. 

For low frequencies where the heat capacity of the superconductor is negligible, the temperature of the 
superconducting layer is determined by the Ohmic heating per unit area * >?@F*J and interface boundary 
resistance Rθ 

* >?@F*, [J = RZRl
mn ,                 op =  0P �Q_ RXmn

q_ℏr_ ,           (6) 

where ρθ is a convenient dimensionless parameter useful for the further analysis and Ts is the substrate 
temperature. Until the critical temperature Tc can be found by fitting the temperature dependence of the 
resistivity above Tc, the coherence length ξ can be extracted without applying magnetic field B from the non-
linear fluctuation conductivity [5] at Tc 

>?@ = 1s/tugv
tj

?v/tℏ  g�QRX
LM N j?/1 *0/1 + A<*,       [ = [\  .                  (7) 

Since the fluctuational current formally tends to infinity at evanescent electric field bellow Tc, one can easily 
derive the asymptotics 

>F*J*wx →B = F[\ − [zJ/=p =  0
{| }~F}Jw�→B  ,           (8) 
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which allows us to determine the interface conductance Rθ. Or else the current 

>F*J =  RXZRl
mnO +  A<*,               (9) 

meaning that we have hyperbolic approximation for the current-voltage characteristic. Here the voltage U and 
the current I are given through the strip length l and its width w. They are related to >F*J and E through I = j2D w, 
U = E l. Below the critical temperature T<Tc at small electric fields the current is significant and the temperature 
of the superconductor has to be calculated in a self-consistent way solving simultaneously equation (6) and 
equation (1) shown in Figure 2. 

 

Figure 2 Dimensionless current-voltage characteristics  >?@F*J or rescaled I(U) based on equation (1) and 
equation (6) for different interfacial thermal resistances 

The shape of the thin film is not necessarily a strip. For example it can be in Corbino geometry, a narrow ring 
between radii R1 and R2 with l=R2-R1<<R2 and w=2πR1. Specifically for high Tc superconductors, the frequency 
1/τ0 is in the terahertz range and for them the above-derived static formulas for the current are valid practically 
for the whole radio frequency range. In the next section, we present a circuit working within the framework 
of the theory presented so far. 

3. CIRCUIT GENERATING OSCILLATIONS 

The circuit for generation of stable oscillations by using negative differential conductivity in supercooled 
superconductors is shown in Figure 3. 

One can easily see the parallel LC resonance circuit generating the oscillations. In short, the negative 
differential resistivity RSC amplifies the generated oscillations, while the two oppositely connected diodes D1 
and D2 limit the amplitude of the oscillations. Applying Kirchoff's laws, the dynamical laws governing the 
currents and voltages, to the circuit in Figure 3 the current and voltage equations are easily found to be 

Ɛ − =��� ~0 − } −  ℒ~�0 = 0,            (10) 

}� − ?
�W ~? − ,�

� = 0,            (11) 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

103 

,�
� −  �~�� − 7~�� = 0,            (12) 

~� − �F}J = 0,             (13) 

~0 − ~? − ~� = 0,             (14) 

~? − ~1 − ~P = 0,             (15) 

~1 − ~� − ~� = 0,             (16) 

This system of equations governs the circuit operation. 

The current through the diodes D1 and D2 (I4) is governed by the volt-ampere characteristic 

~� =  A��FƐ� − }BJ�FƐ� − }BJ + FƐ� + }BJ�1 − �FƐ� + }BJ��,       (17) 

where ƐL is the voltage between the two ends of the inductance L, σd is the diode's conductance when it is 
"open" and U0 is its opening voltage. Obviously I4 is entirely determined by the inductance voltage, which from 
equation (17) is completely determined by I7 and ~��. 

Eliminating I2, I3, I5 and I6 and defining the additional functions �F�J =  ~�� F�J and �F�J =  A��F� − }BJ�F� −
}BJ + F� + }BJ�1 − �F� + }BJ��, we can rewrite this system as 

~�0 =  Ɛ
ℒ −  m���ℒ ~0 − �

ℒ,            (18) 

~�� = �,              (19) 

}� = g ?
�W + 0

�j F~0 − �F}JJ − 0
�  F�F�~� + 7�J + ~�J,         (20) 

� � =  0
��  F~0 − ~� − �F}J − �F�~� + 7�JJ −  �

� �.         (21) 

 

Figure 3 Circuit with negative differential conductivity RSC-1 of a superconductor supercooled below Tc in an 
external electric field. The direct current is created by a battery Ɛ and the current I1 (denoted by the arrow 

with number 1 in the figure) measured by the ammeter A is regulated by the potentiometer Rpot. High-
frequency current through the battery is stopped by the large inductance L and voltmeter V measures the dc 

voltage of the thin superconductor film. The dc current supply is galvanically separated from the parallel LC 
resonator by the large capacitors C0. The resonance frequency ω0=1/√LC is fixed by the values of the small 
capacitor C and the small inductance L with internal resistance r. The amplitude of the electric oscillations is 
limited by diodes D1 and D2. The different currents in the circuit denoted in the figure by their numbers only, 

participate in the circuit equations (10)-(16). 
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4. RESULTS 

The calculated oscillations generated by the thin supercooled below Tc superconductor from the circuit in 
Figure 3 are shown in Figure 4 with the numerical values in Table 1. 

 

Figure 4 Stable electric oscillations generated by the circuit in Figure 3 using the values in Table 1 

Table 1 Numerical values of the circuit elements and parameters from Figure 3 and the equations (10)-(16) 

Element Value Parameter Value 

Ɛ 6 V l 2 mm 

Rpot 1 kΩ w 2 mm 

� 100 μH ξ 2 nm 

C0 100 μF Sn 137 

C 10 nF Ts 80 K 

L 1 μH Tc 90 K 

r 0.1 Ω   

U0 2 V   

σd 0.1 Sm   

The oscillations are in the megahertz region as it is expected from the values of L and C from Table 1. Both 
diodes limit the oscillations amplitude preventing exponential grow. These results give an optimistic estimate 
that it is worth starting an experimental research with the available nanostructured samples.  

5. CONLUSIONS 

We demonstrate megahertz range of electric oscillations created by the negative differential conductivity in 
external electric field of supercooled below Tc superconductor. Using distributed elements, the frequency 
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of generations is fixed but using as a resonator 2D plasmons [6] the resonance frequency can easily reach 
terahertz range. The theory of damping rate of 2D plasmon will be given elsewhere. 

The development work should start with investigation of current voltage characteristics of a nanostructured 
superconductor similar to a field effect transistor. The area of source and drain should be maximal in order to 
ensure high currents. If the gate is implemented by de-pairing magnetic material, the described sample will be 
a new type superconducting field effect transistor operating in the terahertz range. Crucial starting point will be 
observation of annulation of differential conductivity at decaying electric field below Tc. It was suggested by 
Gor'kov [7] which tried to interpret the generation of high-frequency electric oscillations in thin superconducting 
films observed half a century ago [8]. Now the time has come to develop technical applications based on hybrid 
nanostructured superconductors. 
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Abstract 

The chemistry of bitumen and the percentage of asphaltene can vary significantly depending on external and 
internal factors such as the source and method of bitumen extraction. This makes graphene embedded 
bitumen a complex ternary phase system. Within the framework of this paper, we focus on the phase stability 
and particle interaction between graphene and asphaltene in order to optimize the process of tailoring the 
microstructure of graphene embedded bitumen to improve the gas barrier and mechanical properties. We use 
characterization techniques such as rotational-rheometer, DSC, chemical titration and road engineering 
standards such as RTFOT and penetration-grade to study the critical-clustering-concentration, phase behavior 
and the impact of embedding graphene to manufacturing process of asphalt. Phase separation and 
agglomeration of dissimilar nanoparticles was observed when graphene embedded bitumen (1 % vol) was 
subjected to RTFOT, increasing the change in viscosity by around 13 % when compared to 10 % in std. 
bitumen. Hence this paper aspires to provide a brief look into tailoring of nanocomposites with dissimilar 
nanoparticles and embedding nanoparticles such as graphene into complex matrices.  

Keywords: Graphene, material design, bitumen, material characterization, dissimilar nanoparticles 

1. INTRODUCTION 

Carbon based nanoparticles have been of interest to researchers for decades. Carbon allotropes such as 
graphene have been embedded in various matrices to improve the material property such as gas-barrier, 
thermal-conductivity and tensile-strength of the parent material. One such material is bitumen, for the reason 
that nearly 70 % of all global road is made of asphalt (bitumen + aggregate) [1]. Bitumen is a petroleum 
byproduct with complex chemistry, contains naturally occurring nanoparticles known as asphaltene [2]. There 
are global attempts by researchers from various fields to modify the properties of bitumen using nanoparticles. 
They most often aim to improve material properties such as thermal conductivity, electrical conductivity, tensile 
strength, rutting resistance, chemical aging and fatigue.  

The two key strategies widely used are to either directly incorporate the additive to bitumen or enhance the 
polymer that is used in the polymer modified bitumen (PMBs). This paper does not intend to review existing 
works by other researchers, because Yang et al. and Fang et al. have reviewed near 100 such works by 
researchers in this field [3][4]. For the current study the assumptions formed by other authors, for their 
publications, are of interest.  

Firstly, before attempting to study the mechanism of incorporating nanomaterial into bitumen it is important to 
define bitumen, its microstructure and properties. The true microstructure of bitumen is still widely debated but 
it is well established that bitumen can be divided based on various factors such as acidity, polarity, solubility 
and molecular weight. Separating bitumen fractions based on its solubility is the most widely used and well-
established method [2]. Using this method bitumen is divided into Saturates, Aromatics, Resins and 
Asphaltenes. The most common and simple model that is followed to explain the arrangement of these 4 
fractions is the sol-type or gel-type [2].  
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Yen et al. derived from x-ray diffraction that asphaltene exists as nanosheets about 8 layers [5] thick.  Some 
well cited works, such as the one by Jahromi et al., assume bitumen to be a complex polymer with asphaltene 
existing as particles that are larger than 10 mm [6]. In their paper, Jahromi et al. illustrate a diagram in which 
nanoparticles adhere perpendicular to the asphaltene surface. This is contradictory to the assumption that 
asphaltene is nanometers in length and a few layers thick [2]. In another work, Yu et al. provide a model where 
nanoparticles are dispersed in a bitumen matrix with random orientation [7].  

Arguably, in the two afro mentioned papers and similar works by other researchers, the authors have assumed 
the behavior of bitumen as that of a viscoelastic solid-matrix rather than a viscoelastic liquid, hence assuming 
nanoparticle embedded bitumen to be a nanocomposite. Nanoparticles embedded bitumen should not be 
treated as a nanocomposite in the same way as incorporating materials such as fillers or Portland cement into 
bitumen, during the design of asphalt, does not categorize the newly modified bitumen as composite. Thus, 
modified bitumen cannot be categorized as a composite.  

This paper aspires to study the first strategy and understand the underlying mechanism and limitations 
of directly incorporating nanoparticles into bitumen. Two critical assumptions are made during this study. 
Firstly, Yen’s interpretation of asphaltene is considered and hence asphaltene is assumed to exist as 
nanoparticles and bitumen is treated as colloidal system [5]. It was shown by Induchoodan et al. that there 
exists a critical concentration above which nanoparticles began to agglomerate in polymer matrix [8]. Hence, 
the second assumption is that there must exist a critical concentration that restricts further addition 
of nanoparticles into bitumen and this concentration should be below the limitation predicted by Induchoodan 
et al for a homogenous matrix.  

2. METHOD 

2.1. Materials 

M-grade XGnP graphene nanoplatelets (GnP) was used for the study. The GnP has a surface area of 120-
160 m2g-1, thickness of 6-8 nm, density of 2.2 gcm-1 and diameter of 25 µm. XGnP was purchased from 
XGScience. 70/100 grade bitumen was supplied by Skanska for the studies. Analytical grade N-Heptane was 
purchased from Sigma Aldrich.  

2.2. Sample Preparation  

XGnP was further exfoliated using shear-mixer but no chemical modification was performed on the material. 
Graphene and bitumen were blended using a shear mixer with 4-blade setup. Graphene was sputter coated 
with gold for a duration of 60 seconds while asphaltene precipitate was sputter coated with palladium for a 
duration of 30 seconds.  

2.3. Experimental Setup 

Anton paar MSR302 with a 25 mm plate-plate setup with a gap of 1 mm and temperature controller was used 
for the rheological studies. Oscillation test was performed on all samples with a shear strain from 0.01 to 0.16 

at a constant frequency of 10 rad/s and the experiments were repeated from a temperature range of 40 °C to 

70°C with a step increment of 6°C. For the thermal oxidation of bitumen, a rolling thin film oven test (RTFOT) 

was performed. Two 35 g samples for each type of bitumen was prepared and subjected to 163 °C for 85 mins 
in an aerobic environment with a constant air supply of 4000 ml/min and the entire setup was in constant 
rotation at a rate of 15 rpm. 

Chemical extraction of asphaltene from bitumen was performed by dissolving bitumen in N-Heptane. The 
solution was stirred at 1000 rpm for 1 hour and then centrifuged using a Sigma 4-16 at 4500 rpm for 15 mins 
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in two 30 ml sample holders. The solution was decanted after the centrifugation. This was repeated 3 times 
and the precipitate was air dried. After which, Graphene and asphaltene were observed under a FEG-SEM. 

 

Figure 1 SEM image of a) exfoliated graphene flakes.  
b) agglomerated asphaltene particles after chemical extraction from bitumen 

3. HYPOTHESIS 

Asphaltene should in theory have a diameter of 1-2 nm [2]. This goes to show that there are pre-existing 
nanoparticles in bitumen and many papers that were reviewed by Yang et al. and Fang et al. [3,4] do not 
account for these nanoparticles. This further implies that bitumen must not be considered as a uniform binder, 
polymer i.e. matrix in a conventional sense, but rather as a complex colloidal system with existing 
nanoparticles. Hence, adding unmodified graphene to bitumen makes the mixture an n+1 phase system, where 
n>0. For simplification, bitumen is assumed to be a simple two-phase colloidal system, i.e. n=2, we assign 
bitumen with a hard phase and liquid phase. The hard phase being n-heptane insoluble asphaltene, and the 
rest of the fractions are considered as a homogeneous liquid phase.  

ϕ��� =  ϕ�� + ϕ��                                                                                                                                                                   (1) 

Where ϕtot is the total volume fraction of the system and ϕtot = 1. ϕlp and ϕhp are the volume fraction of liquid 
and solid phase respectively. By adding graphene to this system (ϕgr, volume fraction of graphene), it has 
gone to being n=3. Due to the similar dimensions and interactive forces that both graphene and asphaltene 
exert, there must be a common upper limit to the amount of graphene that can be added, because the two 
families of nanoparticles could form agglomerates with each other. This upper limit is represented by ϕ ́ , where 
ϕ ʹ is the volume fraction beyond which nanoparticles in bitumen start to form agglomerates. Hence, there 
must exist an optimal ratio of graphene to asphaltene for a nanomodified bituminous system. 

i.e.   ϕ��� =  ϕ�� +  ϕ�� +  ϕ ¡                                                                                                                                     (2) 

where    ϕ�� +  ϕ ¡ ¢   ϕ′               
Furthermore, the volume fraction of asphaltene in bitumen increases during processing of asphalt and this 
increase has to be accounted during calculation. When bitumen is subjected to elevated temperatures, i.e. 
above 130°C, the rate of thermal oxidation of bitumen increases, this phenomenon is called short term aging. 
During short term aging, asphaltene fraction in bitumen increases, due to the chemical process that leads to 
the production of asphaltene from resins [2]. 

20μm 

a 

10μm 

b 
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Figure 2 a) Log of complex viscosity vs temperature for neat binder and graphene embedded bitumen, 
before and after thermal oxidation. BtGnP − 0 and T − BtGnP − 0 are neat binder before and after thermal 

oxidation and T − BtGnP − 0 and T − BtGnP − 01 are graphene embedded bitumen, before and after thermal 
oxidation. b) Complex viscosity vs temperature of neat binder and graphene embedded bitumen, before and 

after thermal oxidation, at 40°C. 

4. RESULTS AND DISCUSSION 

(Figure 1) shows graphene sheets and asphaltene particles. It is evident from Figure 1b that asphaltene 
appears to be an independent hard phase, ¨hp. Asphaltene precipitates are circled red to differentiate it from 
the background. Asphaltene starts to precipitate when N-heptane introduced to bitumen. As the ratio of N-
heptane to bitumen is increased the amount of asphaltene precipitated increases until it reaches a saturation 
point [2]. The precipitate is often obtained as an agglomerate and this is observed in Figure 1b.  

During the rheological study bitumen was tested within its linear viscoelastic region and the properties were 
studies. During this study the complex viscosity (η*) was measured instead of the shear viscosity (η), because 
at low frequency the viscous viscosity (ηʹ) component of the complex viscosity is approximately equal to the 
shear viscosity.  

η∗ =  η« +  iη««                                                                                                                                                                        (3) 

η →B « =  η                                                                                                                                                                             (4) 

This is true because at lower temperatures the contribution of the imaginary viscosity (ηʹʹ) is neglectable and 
η* is similar to the ηʹ , as shown by Li et al. [9]. Since the working frequency is 10 radians the condition is 
applied and η* is studied to understand the hypothesis. 

η →B   ∗ =  η                                                                                                                                                                            (5) 

In this study the nomenclature BtGnP shall stand for bitumen embedded with graphene and following the digits 
represent the volume of graphene in bitumen. The prefix ‘T’ shall be used to describe any material that has 
been thermally oxidized and should not be confused with temperature. Neat binder, which is bitumen with no 
graphene ( BtGnP − 0 ), and graphene embedded bitumen with 1 % volume of graphene ( BtGnP − 01 ) were 
thermally oxidized, compared and studied.  

Graphene, asphaltene and graphene embedded bitumen were successfully characterized. BtGnP − 01  
exhibited immediate signs of agglomerations. Considering η ®�¯°±ZB0   ∗

 and η ²Z®�¯°±ZB0   ∗
 as the complex 

a b 
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viscosities before and after RTFOT of BtGnP − 01  and similarly η ®�¯°±ZB   ∗ and η ²Z®�¯°±ZB   ∗
 as the complex 

viscosities before and after RTFOT for BtGnP − 0, we can plot a graph with log of η* as abscissa and 
temperature (T) as the ordinate, as shown in (Figure 2 a). It is immediately observed that there is a larger 
increase in complex viscosity of GnP-01 when compared to BtGnP − 0   after thermal oxidation by RTFOT.  
Upon further observation, it is evident that η* for BtGnP − 01 increased by 12.21-14.65 % while η* for BtGnP −
0  increased by only 10.31 %, (Figure 2b).  

Rheological studies of polymers have shown that the size of the molecules/particles has a direct relationship 
to the viscosity of the material. The larger the particle size the higher is the viscosity [10] and Induchoodan et 
al. showed that increasing the volume fraction of the nanoparticles leads to an increase in the viscosity of the 
nanocomposite [8]. So, both neat binder and graphene embedded bitumen should show an increase in the 
viscosity after RTFOT.  

In both  BtGnP − 0 and BtGnP − 01, there is an increase in asphaltene concentration. Thus, the contribution 
of ϕhp must be similar and ϕgr is fixed, and its contribution is observed in the difference between η ®�¯°±ZB0   ∗ and  
η ®�¯°±ZB  ∗ . Thus, the increase in the complex viscosity of BtGnP − 01  after RTFOT can be related to the 
agglomeration of graphene and asphaltene. Therefore, the total volume of nanoparticles ϕhp + ϕgr has 
exceeded ϕʹ, and hence 

η ²Z®�¯°±ZB0   ∗ −  η ®�¯°±ZB0   ∗ ³  η ²Z®�¯°±ZB   ∗ − η ®�¯°±ZB    ∗                                                                                 (6) 

This goes to validate the hypothesis proposed in this paper. Thus, while directly incorporating nanofillers such 
as graphene into bitumen the total volume fraction ϕʹ, for graphene and asphaltene, must be accounted rather 
than ϕgr only. 

5. CONCLUSION 

Bitumen is considered to be a colloidal solution. Asphaltene and graphene were shown to be dissimilar 
nanoparticles. An upper limit ϕʹ was predicted for bitumen, beyond which graphene and asphaltene start to 
agglomerate with each other. This was experimentally determined by thermally oxidizing bitumen, both with 
and without graphene, and comparing their respective complex viscosities. 

ACKNOWLEDGEMENTS  

The research is funded by the Norwegian Public Road Administration. The authors are grateful to 
Skanska for providing their lab facility for research. 

REFERENCE 

 Introduction, in: HUNTER, Robert, SELF, Andy and READ, John. Shell Bitumen Handbook (6th Edition) - 4.2.2 
More Complex Models, pp. 05-10. 

 Constitution and Structure of Bitumens, in: HUNTER, Robert, SELF, Andy and READ, John. Shell Bitumen 
Handbook (6th Edition) - 4.2.2 More Complex Models, pp. 54-57. 

 YANG, Jun and TIGHE, Susan A Review of Advances of Nanotechnology in Asphalt Mixtures. Procedia - Social 

and Behavioural Sciences. 2013. vol. 96, no. 2, pp. 1269-1276.  

 FANG, Changqing, RUIEN, Liu, and SHAOLONG, Yan, Nanomaterials Applied in Asphalt Modification: A Review, 
Journal of Materials Science & Technology. 2013. vol. 29, pp. 589-594. 

 DICKIE, John P and YEN, Teh Fu, Macrostructures of the Asphaltic Fractions by Various Instrumental Methods, 
Analytical Chemistry. 1967, vol.39, pp. 1847-1852 

 JAHROMI, Saeed and KHODAII, Ali, Effects of Nanoclay on Rheological Properties of Bitumen Binder, 
Construction and Building Materials. 2009, vol. 23, pp. 2894-2904 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

112 

 YU, Jian-Ying, FENG, Peng-Cheng, ZHANG, Heng-Long, and WU, Shao-Peng, Effect of Organo-Montmorillonite 
on Aging Properties of Asphalt, Construction and Building Materials. 2009, Vol. 23, pp. 2636-2640 

 INDUCHOODAN, Govindan and KÁDÁR, Roland, Tailoring Polymer Nanocomposite Microstructure by Controlling 
Orientation, Dispersion and Exfoliation of GnP in LDPE via Extrusion Flow, Annual Transactions of the Nordic 
Rheology Society. 2016, vol. 26, pp. 187-191 

 LI, Shu-Ping, ZHAO, Ge and CHEN, Hong-Yuan, The Relationship between Steady Shear Viscosity and Complex 
Viscosity, Journal of Dispersion Science and technology. 2006, vol.26, pp. 415-419 

 RICHARDS, John, Viscosity and the Shapes of Macromolecules, Journal of Chemical Education. 1993, vol. 70, 
pp. 685-689 

 
 

  



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

113 

POSSIBILITIES OF REMOVING THE CRUST FROM THE SURFACE OF HISTORIC STONE 
WITH NANOPARTICLES I TiO2 

1Klára KROFTOVÁ, 2David ŠKODA, 2Ivo KUŘITKA  

1 Department of Architecture, Faculty of Civil Engineering, CTU in Prague, Czech Republic, EU, 

Klara.Kroftova@seznam.cz 
2 Centre of Polymer Systems, Tomas Bata University in Zlin, Zlín, Czech Republic, EU,  

dskoda@utb.cz, kuritka@utb.cz 

Abstract 

The most common tasks, we encounter during restoration stone historical monument buildings, include mainly 
cleaning and removing of the crust from their surface. As part of the experimental research of nanomaterials 
and the widespread use of these materials for the preservation and restoration of stone monuments, the use 
of TiO2 is currently being addressed. Applications have shown that this oxide can be used to protect against 
microorganisms and UV degradation due to its antifungal and antibacterial effects. At the same time, the 
photocatalytic properties of TiO2 represent the possibility of chemical decomposition and the creation of a self-
cleaning environment and self-sterilization area. Applying lime nanosuspensions with TiO2 nanoparticles will 
reduce the rate of deposition of pollutants as a result of photocatalytic phenomena and thus slow the 
development of degradation processes. 

Keywords: Lime nanosuspension, TiO2, titanium dioxide, self-cleaning surfaces, stone crust, historical  
        material  

1. INTRODUCTION 

The aging of historical objects and their materials is mainly influenced by degradation processes caused by 
long-term effects of cyclical weather changes and harmful substances contained in the atmosphere. Among 
the most important negative factors are, in addition to repeated changes in temperature and humidity, 
especially carbon dioxide, sulfur dioxide, acid peat and solid particles contained in the atmosphere [1]. The 
settling of impurities and chemical processes occurring between the components of the external environment 
and the building material itself lead to the formation of a crust firmly embedded in the surface structure of the 
material. The formation of crusts damages historical objects not only aesthetically, but above all by the 
development of surface tensions between the crust and the core of material with different material properties, 
and chemical processes that influence the composition of the material and, on the other hand, lead to the 
development of tension in the structure of the material. Last but not least, it provides uneven surface crusts for 
depositing impurities from the air (resulting in its gradual darkening) and subsequently the broth for the 
development of microorganisms. The nature and development of degradation processes and their 
manifestations are influenced in this context also by the type of material (so called lythotype: marble, limestone, 
travertine, sandstone, granite, etc.), surface grain, material humidity, chemical composition, porosity, structure 
and texture of materials. 

As a result of these negative effects, degradation processes occur in surface layers, which in the case 
of historical building materials lead to structural breakdown, loss of coherence of individual layers and 
consequent loss of surface layers [1]. 

Within the development of the use of nanomaterials in the care of cultural heritage, it has been demonstrated 
that metal oxides, especially ZnO and TiO2, can be used as protection against microorganisms and UV 
degradation due to their antifungal and antibacterial effects [2-4]. Studies show, on one hand, the possibility 
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of incorporating nanoparticles into building materials [5-8], the next route to new applications leads through 
the incorporation of nanoparticles which either functionalize suspensions themselves or can be functionalized.  

Titanium dioxide is one of the most widely known photocatalytic materials used not only in the building industry, 
but also in other industries, eg for water and air purification, and for its antibacterial properties it is also used 
as an ingredient in eg tiles, PVC, etc. [9]. It is also known from the studies that nano-TiO2 coating provides 
excellent corrosion protection for marine submerged materials [10]. The photocatalytic properties of TiO2 were 
discovered by A. Fujishima and K. Honda, who first used titanium dioxide to decompose chemicals [11-13]. 
The photocatalytic properties of TiO2 are stimulated by UV radiation and can suppress surface layers by algae 
and lichens. The intensity of UV radiation with a peak below 385 nm [17-20] is significantly influenced by the 
effect of TiO2 [14-17] so that photocatalytic activity is triggered which produces reactive particles capable 
of oxidative degradation of pollutants. 

2. MATERIALS AND METHODS 

The research project “Development and Research of Materials, Methods and Technologies for the Restoration, 
Preservation and Strengthening of Historic Masonry Constructions and Surfaces and Systems of Preventive 
Conservation of Cultural Heritage Buildings Threatened by Anthropogenic and Natural Hazards“ addresses 
besides the issues of the care of the historic materials and its surfaces by the different types of lime 
nanosuspensions. The institutions currently participating in the research project are the Faculty of Civil 
Engineering, CTU in Prague and the Centre of Polymer Materials, TBU in Zlín.  

2.1. The Lime nanosuspension with titanium dioxide 

For the purpose of experimental research, lime nanosuspensions were prepared to further prepare and 
subsequently test suspensions doped with the active substances for a specific use, ie to clean the surfaces 
of building materials. Limestone nanosuspensions form nanoparticles of calcium hydroxide scattered in 
alcoholic environments, which are primarily used to consolidate the surface layers of lime-based building 
materials. By supplementing these nanosuspensions with other effective nanoparticles (eg TiO2), there are 
means that can provide multiple efficiencies - consolidation, self-purification and biocide protection [18]. For 
this purpose, the synthesis of Ca(OH)2 (Ca4, Figure 1a), which was subsequently enriched with titanium 
dioxide (Ca4-Ti, Figure 1b), was developed within the research project. 

The basic nanosuspension of Ca4 was made from the weight of calcium methoxide Ca(OCH3)2 (7.18 g, 70.2 
mmol). The charge of calcium methoxide (Ca(OCH3)2) was dispersed in isopropyl alcohol (150 ml). To this 
suspension was added 100 ml of distilled water. The reaction time, constant stirring, was 90 minutes. After the 
reaction, the product was separated by centrifugation and washed with distilled water and isopropyl alcohol. 
The yield was 4.16 g [19]. 

To test the self-cleaning effect of titanium dioxide, the TIO2 nanoparticles were prepared by a procedure known 
from the literature, an acid-assisted sol-gel method [20]. For the purpose of the research project, the synthesis 
was modified: Ti2 was applied as an addition of isopropyl alcohol. Hydrolysis of Ti(OiPr)4 in the presence 
of acetic acid was carried out by mixing 150 ml of H2O, 5 ml of Ti(OiPr)4 and 50 ml of CH3COOH. The reaction 
was stirred at 70 °C for 3 hours on a magnetic stirrer. The product was separated by centrifugation and dried. 
To Ca4-Ti nanosuspension 1.0 g of Ti2 sample was added. After addition of TiO2, the slurry was dispersed in 
an ultrasonic bath. 

The XRD powder analysis on a Rigaku MiniFlex 600 diffractometer equipped with a CoKα cathode (λ = 1.7903 
Å, 40 kV, 15 mA) was used to determine the crystalline structure of the product. The observed diffraction of the 
TiO2 nanoparticle sample corresponds to the JCPDS card card for TiO2 (anatase) 01-071-1169 (Figure 2). 
Diffraction record of Ca(OH)2 forming the initial slurry of Ca4 is also shown in this figure. The TiO2 nanoparticle 
electron microscope image is shown in Figure 1b. 
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Figure 1 Electron microscope images: a) nanosuspension CA4 (Ca(OCH3)2 precursor);  
b) CA4-Ti nanosuspension (Photo CPS UTB)  
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Figure 2 XRD diffractogram of prepared TiO2 nanoparticles and Ca4 nanosuspension  

2.2. Application of nanomaterials on stone samples 

The application of Ca4-Ti nanosuspension was performed in situ on stone (marlite) walls in Prague, the surface 
of which is degraded by surface crust and massively contaminated by microorganisms (Figure 3). In a place 
exposed to sunlight, dry stone blocks were used to apply nanosuspension so that a photocatalytic reaction 
could take place. On their surface, the tested nanosuspension (Ca4-Ti) was applied sequentially using the 
sprayer. The application of nanosuspension Ca4-Ti with a total volume of 20 ml was repeated with the sprayer, 
where the individual applications followed successively after application of the applied composition, without its 
significant leakage on the surface. 
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Figure 3 Detail of the stone block before application of the nanosuspension of Ca4-Ti (stone - marlite - wall 
in Prague): a) before application; b) after application 

Skins and scraps for laboratory bioassay were also performed. From the samples taken, the microorganisms 
were transferred to nutrient agar (Czapek Dox agar), which was cultured for 7 days at 23 ± 3 °C. The molds 
were isolated to individual species from which microscopic native preparations were prepared. Mold 
identification was performed on the Olympus BX41 microscope according to significant characters (in 
conformity with Fassati (1979), Singha, Frisvalda, Thrane Mathura (1991) and Samson, Houbraken, and 
Thrane (2010) microscopes). To determine the presence of algae, a 50 μl culture medium was inoculated with 
stone granulate (weight approximately 0.5 gram). Cultivation was carried out on a Ika vibrax shaker (150 rpm) 
for 14 days at 25 °C ± 5 °C. The illumination intensity was 1.5 kLux with a cycle of 18 : 6 (day : night). At the 
end of the 1st week of cultivation, bacteria were identified on the samples on 50 % of the area and mold on 
30-40 % of the area. 

2.3. Efficacy assessment of nano - titanium dioxide preparations  

After 3 weeks of application, control documentation, skins and scraps were performed. The collected samples 
were transferred to Czapek Dox agar broth and allowed to cultivate for 7 days at 23 ± 3 °C. After a week 
of cultivation, significant algae and mold loss (only 10-15 % of the sample area), increased bacteria (up to 
50 % of the sample area) were observed in all the samples studied. By visual comparison and by laboratory 
analysis, no change in the extent, character and color of the surface crust has been demonstrated. 

3. CONCLUSION 

The titanium dioxide suspensions were partially proven to be directly applied to areas with a massive presence 
of microorganisms (algae, bacteria, fungi). TiO2-doped nanosuspension results show that mold and algae 
growth at Czapek Dox agar has decreased by about 20-30 %. However, experimental tests of nanosuspension 
doped with TiO2 nanoparticles did not clearly show a significant results of the selfcleaning effect. The possibility 
of removing gypsum crusts using prepared lime nanosuspension with TiO2 nanoparticles has not been 
demonstrated. 

The results obtained have been influenced, among other things, by the particle size, concentration and stability 
of the suspension, the carrier media, the presence of ballast substances which suppress the self-cleaning and 
biocidal effect, etc. As mentioned above, the mineralogical composition also has a significant effect on the 
activity of the antifungicide and antibacterial agent material, its pH value and porosity. 

These results were also limited to a relatively small number of in situ and laboratory tests. Obtaining fully 
objective results requires more extensive experimental research so that the results are statistically evaluable. 
At the same time, the need for further research stems from the need to eliminate the potential risk of failure 
and damage, especially on listed buildings. In addition to verifying any modified functional nanomaterials, it 
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will be necessary to address the requirements of durability, long-term reliability, and last but not least 
reversibility requirements. 
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Abstract  

Nanocellulose has emerged as attractive new biobased reinforcement and gas barrier material in for example 
sustainable food packaging. Herein we report on Cellulose Nano Crystals (CNC) for application in agriculture, 
as potential filler and adhesion promoter of microbial biofertilizer formulations. Using different types of bacteria 
we elucidate the physicochemical characteristics of CNC-based microbial seed coatings and spray 
formulations and show that CNC impacts mechanical strength of seed coatings, but not microbial viability or 
germination of seeds. CNC is not UV-absorbant except in combination with gelatine, it´s not a good film former, 
but due to its color it might help to visualize microbial spray pattern.  

Keywords: Nanocellulose, microbial formulation, filler, adhesion promoter 

1. INTRODUCTION 

Most of the biofertilizers and biopesticides are of microbial and biochemical origin (bacteria, fungi, plant 
extracts) promoting plant growth and resilience or allowing for efficient plant pest and disease management. 
Compared to conventional pesticides biocontrol agents are usually inherently less toxic and generally affect 
only the target pest and closely related organisms. Though sustainable and environment-friendly shelf life 
of microbial inoculants, on-field stability, and active dosage remain critical issues.   

Cellulose Nano Crystals (CNC) is a primary building block of the cell wall of plants. CNC has high mechanical 
strength modulus of 150 GPa and tensile strength of 10 GPA in line with supreme synthetic material and can 
be used as a nano building block for the enhancement of existing materials and for the production of novel 
eco-friendly materials [1]. 

Formulation granting prolonged survival on storage and both survival and sufficient level of bio-activity in field 
use represents the bottleneck in the broad scale implementation of biological means in plant protection urged 
by the EU directive on Integrated Pest Management 2009/128/EG. Concerning spray formulations adhesion 
to the leaves, protection against sunlight (UV), wind and rain and precision of delivery (spraying pattern, 
spraying volume, time and frequency) are important issues. 

In order to tackle these challenges we evaluate nanocellulose as filler in microbial seed coatings for maize and 
protective shell and adhesion promoter in spray formulations. 

2. EXPERIMENTAL 

Nanocellulose (Cellulose Nano Crystals - CNC) from pulp (Melodea (Figure 1) was added to biopolymer 
solutions of  Gelatine (Sigma Aldrich, Austria), whey protein (Springfield Nutraceuticals BV, Netherlands), milk 
powder (Carl Roth GmbH and Co. KG, Germany), polyvinylpyrrolidone (PVP), poly vinyl alcohol (PVA) and 
carboxymethylcellulose (CMC), the latter ones all from Sigma Aldrich, Austria and either used as spray 
formulations or coated onto maize seeds kindly provided by Saatbau Linz. 
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Figure 1 TEM Image of CNC 

Bacteria for CNC-based formulations were grown in liquid Luria-Bertani (LB) medium to stationary phase for 
72 h as shake culture incubating at 200 rpm at 28 °C. Bacteria were harvested by centrifugation at 4500 rpm 
and 4 °C during 10 min and resuspended in sterile 0.9 % NaCl before mixed with other formulation 
components. Number of microbial cells in seed coatings and spray formulations was estimated as colony 
forming units (CFU) using the serial dilution plate method with nutrient agar medium. Scanning electron 
microscopy (SEM) scans were imaged with an QUANTA FEG 250 operated at environmental mode (chamber 
pressure between 30 and 200 Pa), using a GSED Detector and cooling stage. 

3. RESULTS AND DISCUSSION 

3.1. Nanocellulose as filler in microbial seed coatings  

Nanocellulose (CNC) is supposed to increase mechanical strength of biopolymer-based microbial seed 
coatings and protect the bacteria from adverse environmental conditions during storage. We assume that 
nanocellulose - similar to nanoclay - attaches to the bacterial cell (1-10 µm) forming a protective shell. To 
investigate potential benefits of such nanocellulose composite coatings maize seeds were coated with 
microbial formulations and the different compositions were evaluated with respect to the viability of the 
bacteria. The bacteria selected include desiccation-sensitive Gram negative Paraburkholderia phytofirmans, 
PsJN (DSM17436) and Pseudomonas putida (DSM6125), furthermore robust Gram positive spore-forming 
strains (Paenibacillus sp.). CNC was tested up to 3 % in the coating formulations and at pHs ranging from pH 
3 to 5. The coating slurry also contained biobased binder materials like gelatine, whey protein, 
polyvinylpyrrolidone (PVP), poly vinyl alcohol (PVA), carboxymethylcellulose (CMC) that were tested in both 
distilled water and 0.9 % NaCl to evaluate the effect of osmolarity on microbial viability. No matter whether 
spore-forming or non-sporulating bacteria were used microbial viability was significantly (by 2 logs CFU/mL) 
improved in NaCl-based (about 300 mOsm ˣ L-1) compared to water-based CNC formulations (between 13 
and 22 mOsm ˣ L-1). Addition of salts also leads to thicker CNC gels and this increased viscosity might also 
contribute to the enhanced viability. However, film forming capability was improved with aqueous CNC 
suspensions, the coatings were also more homogeneous, most probably due to better dispersion of CNC. 

The seed coating process imposes stress on the bacteria which typically leads to loss of microbial viability 
during drying. Depending on the type of bacteria - sporulating bacteria are more robust - viability loss might be 
up to 3 log CFU/mL. To investigate a potentially positive effect of nanocellulose on the desiccation tolerance 
of bacteria different coating slurries were air-dried in an oven at 25°C under ventilation, rehydrated and the 
viability determined using agar plate counting. Highest viability was obtained for whey protein-based 
formulations with and without CNC independently from the type of bacteria used. 
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Figure 2 UV spectrum of CNC with a) whey protein and b) gelatine and respective plain solutions, 

c) the UV spectrum in dependence of pH and CNC concentration and d) different types of celluloses. 

Thirdly, the absorbance of seed coating slurries at UV light (280-380 nm) was measured. Protection of bacteria 
from sunlight to prevent UV damage is generally important, in seed coatings as well as in spray formulations. 
For this purpose either indicators like congo red, reflectants, such as TiO2 or lignin-based materials are typically 
used [2]. Herein we investigate, if nanoparticulate matter like nanocellulose could achieve similar effects. 
Figure 2 shows that CNC only weakly absorbs UV-light, independently from the pH (Figure 2a), but its 
absorbance increases with increasing CNC concentration (Figure 2c). Compared with other types 
of celluloses (Figure 2d) CNC shows similar UV absorbance than carboxymethylcellulose (CMC), a 
conventional binder in agroformulations, but less absorbance compared to µcristalline cellulose, often used as 
absorbent or anti-caking agent.  

In combination with stickers a synergistic effect was observed with gelatine: both pure materials do not absorb 
UV light, while combinations thereof strongly absorb at the relevant wavelengths. This behaviour is in contrast 
to that of a suspension of CNC in whey protein, where UV absorbance is determined by the properties of the 
single components only. FTIR studies of nanocellulose, gelatin and their bionanocomposites by Mondragon 
G. et al. [3] reveal that there is no strong intermolecular interaction between gelatin molecules and 
nanocellulose (no spectral changes in characteristic bands for gelatin and its nanocomposite). Thus it might 
be more likely that the enhanced UV absorbance of the CNC/gelatin composite is due to the fact that gelatine 
as the better solubilizer is capable of more uniformly dispersing CNC. 

In addition, the seed coating must not prevent the seed from germination. A cold test was performed to 
evaluate seed vigour under stress conditions and to examine whether the CNC-composite coatings negatively 
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influence germination. The outcome clearly indicated that seed germination was not prevented by any of the 
CNC-based coatings. 

3.2.  NANOCELLULOSE AS ADHESION PROMOTER IN MICROBIAL SPRAY FORMULATIONS  

In foliar spray development & application not only the microbe-material interaction, but also the interaction 
of the formulation with the plant leaf surface plays an important role. Adhesion and spreadability 
of formulations on leaves is of utmost importance, especially at early growth stages where the plant surfaces 
are very waxy and water-repellent; furthermore for effective spraying good adhesion must be guaranteed to 
prevent wash-off during rainfall or wind. In order to meet these challenges we aim to use nanocellulose as 
adhesion promoter, and also for visualization of the spraying pattern on the leaf. Figure 3 shows the contact 
angles of 9 formulations including the reference treatments. In Table 1 the composition of the spraying 
suspensions and reference treatments (no. 1, 2) are listed. Formulation 3 to 7 were all CNC-based, 
formulations 6-9 contain (bio)surfactants. A contact angle below 90 °C was defined as a measure for good 
spreadability of the drops. Results depicted in Figure 3 show that contact angles of formulation 4-9 were 
significantly reduced compared to the non sprayed leaves (no. 1). This clearly demonstrates that films 
of formulation 4-9 are still present on the maize leaves several days after spraying.  

Table 1 Composition of selected formulations 

No.  Spray formulation 

1 no spraying  

2 water 

3 0.1 % CNC  

4 0.1 % CNC, 5 % whey protein 

5 0.1 % CNC, 5 % milkpowder 

6 0.1 % CNC, 0.1 % biosurfactant 

7 0.1 % CNC, 0.1 % commercial surfactant 

8 0.1 % biosurfactant 

9 0.1 % biosurfactant, 0.1 % talc 

 

Figure 3 Contact angle of leaves 5 days after spraying with formulations 3-9, and the two reference leaves 
(no. 1, 2) (mean +/- SD, n=6) 

SEM was used to characterize the film sprayed onto the maize leaves (Figure 4). High resolution scans of the 
control leaves show the distinct wax features on young maize leaves causing the high water contact angle 
of the plant material. With aging the leaves become more hairy and the wax features less prominent.  
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Figure 4 SEM images of plant leaves after spraying, and reference leaves (no. 1, 2)  

 

Figure 5 Film of formulation no. 9 (left) with bacterial lawn of rod-shaped bacteria PsJN (right)  
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Reference leaves in Figure 4, show the maize leaf surface compartments including the stomata at 500x to 
20000x magnification; as expected there is no film. Leaves sprayed with formulation no. 3 display an 
incomplete film, only distinct areas of the leaf are covered with spray, but no homogeneous film was obtained. 
With formulation 4 some crystalline zones are observed. Formulation 5 appears as a thick film on the leaf, 
while formulation 7 and 8 homogeneously cover the whole leaf surface. Similar to formulations 7 and 8, 
formulation 6 leads to homogeneous film formation. This clearly indicates that nanocellulose (no. 3) per se has 
no good film forming capability, but with the help of a surfactant fully covers the leaf (no. 6, 7). Figure 5 shows 
the film of formulation no. 9 with PsJN after spraying. 

4. CONCLUSION 

Cellulose Nano Crystals (CNC) used in microbial formulations for agricultural application were shown to 
improve mechanical strength of seed coatings, but had no protective effect on the selected microbes (microbial 
viability was not improved). CNC was furthermore tested as additive in spray formulations displaying good 
spreadability and film forming capability in the presence of a surfactant. UV absorbance was improved in 
combination with gelatine. Nevertheless lower concentrations of CNC might be more suitable for use with 
bacteria. 
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Abstract 

In this work, we present an advanced preparation method, of photoactive layered graphitic carbon nitride  
(g-C3N4) incorporated into the silica structure containing zinc ions. This new nanocomposite has enhanced 
sorption properties and photocatalytic activity due to presence of g-C3N4. Samples with 20 wt.% and 10 wt.% 
of g-C3N4 were prepared and successfully tested. Specific surface area of nanocomposites was increased 
from 36 m2/g of pure carbon nitride g-C3N4 to 366 and 320 m2/g of functional composites respectively. The 
material was prepared by vigorous stirring of aqueous solution of zinc acetate and g-C3N4 within ultrasonic 
field of power density of 1 kW/L. During the sonication, sodium water glass was added at once to synthesize 
ZnO-m·SiO2 nanoparticles by precipitation reaction. The dispersion was then rapidly frozen and subjected to 
vacuum freeze-drying process to obtain powder material, which is easier to handle and more suitable for tests. 
Prepared nanocomposites were subjected to tests of sorption and photocatalytic degradation of methylene 
blue dye. Furthermore, samples did undergo four successful cycles of sorption of methylene blue with starting 
concentration of 1 mg/L followed by photocatalytic regeneration. The sorption capacity of sample with 20 wt.% 
of g-C3N4 was 0.21 mg/g and after the fourth cycle of regeneration it was restored to 75 % of its original value. 
The sorption capacity of sample with 10 wt.% of g-C3N4 was 0.18 mg/g and after fourth cycle of regeneration 
it was restored to 90 % of its original value. 

Keywords: Photocatalysis, photocatalytic regeneration, sorption, nanoparticles, graphitic carbon nitride 

1. INTRODUCTION 

An environmental pollution is one of the major threats nowadays. People are turning to more ecological 
solutions and the industry is under pressure to reduce the amount of released pollutants. For these reasons 
industry companies search for new economic and environmentally friendly solutions. An effective and 
environmentally friendly removal and disposal of pollutants is therefore the goal of many studies [1,2]. 
Photocatalytic and sorption processes are considered as a good way how to ecologically remove pollutants. 
Photocatalytic process would be ideally powered by solar energy, making it energy-saving. Beside 
decomposition of organic pollutants [3], the photocatalysis has many other uses such as production 
of hydrogen by water splitting [4], self-cleaning materials [5], water disinfection using antibacterial effects [6] 
and reduction of carbon dioxide [7] and nitrogen oxides [8]. 

Sorption processes are another way how to remove pollutants. They are based on the binding of substances 
on their surface, thereby reducing their concentration in the environment. Sorption processes are used for 
sanitization of oil spills [9], removal of heavy metals from water [10], removal of organic pollutants [11], carbon 
capture and storage [12] or storage of other substances, such as hydrogen [13]. After its saturation, the sorbent 
must be disposed or subjected to a regeneration process. Simply disposal of saturated sorbents could be 
expensive. For example, it is the most expensive and time-consuming part of removal of oil spills [9]. 

On the other hand, there is a regeneration process that restores sorption capacity of the sorbent and allows 
its further use. Regeneration of the saturated sorbent is performed mostly thermally and chemically [14,15]. 
Thermal processes are energy-intensive and therefore economically inappropriate. For chemical regeneration, 
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toxic or otherwise dangerous substances are often used. Therefore, there is an effort to develop and improve 
eco-friendly methods such as biological or photocatalytic regeneration [16,17]. 

If the sorbent also exhibits photocatalytic activity, it can be regenerated using electromagnetic radiation. The 
following photocatalytic reaction results in sorbate decomposition. Ideally the pollutants would be decomposed 
into substances with less sorbent affinity and washed away. Pardo et al. [17] prepared hydrogel containing 
titanium dioxide. The material was tested on sorption of methylene blue and antibiotics Ofloxacin and 
Ciprofloxacin and was subjected to photocatalytic regeneration under UV light irradiation. Sorption capacities 
were 96 mg/g for methylene blue, 84 mg/g for Ofloxacin and 63 mg/g for Ciprofloxacin when the starting 
concentrations of tested pollutants was 100 mg/L. Material preserved its sorption capacity for ten cycles 
of regeneration. Several other materials, such as zeolite [18], were modified by titanium dioxide and subjected 
to successful photocatalytic regeneration under UV irradiation. For better separability of saturated sorbent, it 
is very convenient to modify it with magnetic material [19]. The regeneration of Fe3O4/Bi2S3 sorbent with 
magnetic properties took place under simulated solar radiation (300 W xenon lamp). Magnetic properties then 
provided better handling of the material but after five regeneration cycles the sorption capacity has fallen to 25 
% of the original value. 

This work continues in the study of regeneration of graphitic carbon nitride incorporated into the silica structure 
containing zinc [20]. Following material has greater specific surface area, greater sorption capacities than ZnO-
m·SiO2/g-C3N4 nanocomposite [20] and did undergo four successful photocatalytic regeneration under UV light 
irradiation. Prepared sorbent was characterized by EDX, BET analysis, SEM and was subjected to test 
of sorption and photocatalytic regeneration. 

2. EXPERIMENTAL 

2.1. Materials and chemicals 

Chemicals used for experiments are zinc acetate of 99 % purity purchased from PENTA s.r.o., sodium water 
glass 38-40 °Bé (Na2SiO3) with module of 3 purchased from company Vodní sklo, a.s. and melamine 
of 99 % purity purchased from Sigma-Aldrich spol. s.r.o. For all aqueous solutions, demineralized water was 
used. 

2.2. Preparation of graphitic carbon nitride g-C3N4 

Bulk graphitic carbon nitride was prepared the same way as in our previous work [21]. Melamine was heated 
in laboratory furnace in air from 20 °C to 550 °C with step of 2 °C per minute and lasted there for 4 hours. 
Material was then comminuted by grinding in agate mortar and further exfoliated by heating up to temperature 
of 500 °C with step of 2 °C per minute for next two hours. The specific surface area of prepared exfoliated 
graphitic carbon nitride was 157 m2/g. 

2.3. Preparation of modified graphitic carbon nitride g-C3N4 

To prepare a sample with 20 wt.% of g-C3N4, 27 g of zinc acetate and 0.295 g of g-C3N4 were added to 75 ml 
of demineralized water and homogenized in the ultrasonic field. To prepare a sample with 10 wt.% of g-C3N4, 
0.131 g of g-C3N4 was used. 225 ml of demineralized water was then mixed with 2.57 g of water glass (the 
fraction of solids was 39.67 wt.%). The mixture was homogenized in an ultrasonic field with power density of 1 
kW/L and it was continuously stirred at 500 RPM. After five minutes, a dispersion of g-C3N4 and zinc acetate 
was added at once. The mixture was further stirred at 500 RPM in the ultrasonic field for fifteen minutes. The 
residue zinc acetate was then removed by washing the material. The mixture was transferred to a two-liter 
cylindrical container which was filled by demineralized water to its maximum. After two hours of sedimentation, 
the clear liquid above the sediment was carefully removed and the cylinder was again filled to the maximum 
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by demineralized water. This washing cycle was repeated five times. The sedimented dispersion was then 
quickly frozen and subjected to vacuum sublimation. 

2.4. EDAX and SEM analysis 

The composition of nanocomposite was determined by EDX analysis on scanning electron microscope SEM 
FEI Quanta 650 FEG. This scanning electron microscope was used to capture SEM images of powdered 
sample. 

2.5. Specific surface area 

Dynamic BET analysis was performed on Qsurf HORIBA SA9601 to measure specific surface area (SSA). 
Powder material was degassed for 5 hours at 150 °C and then subjected to six-point analysis. 

2.6. Continual measuring of adsorption of simulant dye 

We used reactor for continuous dye adsorption measurement. This method applies the principle of dye 
concentration measurement from patent application "Continuous measurement of photocatalysis of dye 
simulants" [22]. The advantage is a fast in situ measurement, without the need of taking samples and therefore 
compromising the system. Setup was the same as described in [20]. The decrement of the dye concentration 
was calculated from measurement of diffused and backscattered light intensity from a laser located at the top 
of the measuring vessel. Ocean Optics USB4000-UV-VIS was used as a detector. Sorption process took place 
at the temperature of 20 °C, in the dark environment and under continuous stirring until the sorbent was 
saturated. 1 mg/L of methylene blue was used as starting concentration of simulant dye. 

3. RESULTS AND DISCUSSION 

Nanocomposite sorbent based on graphitic carbon nitride incorporated into silicate structure containing zinc 
was successfully prepared and tested on sorption of methylene blue and photocatalytic regeneration. The 
samples were prepared in two variants: 1. ECN20 with 20 wt.% of g-C3N4 and 2. ECN10 with 10 wt.% of  
g-C3N4. The SSA, which has an important role in sorption and photocatalytic processes, was determined to be 
366 m2/g for ECN20 and 320 m2/g for ECN10. The SSA of prepared samples is higher than the SSA 
of previously prepared sorbent capable of photocatalytical regeneration [20] with value of 238 m2/g. 

  

Figure 1 SEM images of ECN20 (left) and ECN10 (right) 

Images (Figure 1) from scanning electron microscope showed ragged morphology of the samples causing 
high values of the SSA. The EDX analysis (Figure 2) confirmed final content of both samples to be 18.14 wt.% 
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for ECN20 and 8.23 wt.% for ECN10. Lower content than the estimated was probably caused by imperfect 
incorporation of g-C3N4 during synthesis. 

 
Figure 2 EDX element analysis of ECN20 used for calculation of g-C3N4 content (18.14 wt.%) 

Samples were subjected to repeated sorption of methylene blue with starting concentration of 1 mg/L and 
photocatalytic regeneration process. The regeneration process consisted of several steps. At first, the 
saturated sorbent was separated from the methylene blue residue by centrifugation. The sediment was then 
moved into beaker and filled up to 50 ml with deionized water and subjected to photocatalytical decomposition 
of sorbed methylene blue. Photocatalytic regeneration was performed under LED UV irradiation source with 
the maximum of light emission located at 365 nm. After decomposition, the sample was centrifugated again to 
remove by-products and then it was ready for next sorption process. Sorption characteristics are shown on 
Figure 3 and Figure 4. Sorption capacity of ECN10 was 0.18 mg/g and 90 % of it was regenerated after fourth 
cycle. The decrement of sorption capacity was due to loses of sorbent during manipulation or stronger 
interactions were created between sorbent and methylene blue due to deformation and enclosing of some 
pores. 

 
Figure 3 Sorption kinetics of methylene blue sorption process on the ECN10 for four cycles (different 

colours) of photocatalytic regeneration. Numbers 1 to 4 indicate the order of sorption process. 

Sorption capacity of ECN20 was 0.21 mg/g and about 75 % of it was available after fourth cycle. The 
decrement of sorption capacity of ECN20 is greater than of ECN10 due to greater content of g-C3N4 which 
probably serves as centre for stronger interactions. 
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Figure 4 Sorption kinetics of methylene blue sorption on the ECN20 for four cycles (different colours) 
of photocatalytic regeneration. Numbers 1 to 4 indicate the order of sorption process. 

Rate constants of adsorption tests were calculated from linear parts of acquired data for both samples. The 
rate constants were 0.015 s-1 for ECN10 and 0.019 s-1 for ECN20. These rate constants are greater than 
previously tested material [20] with the value of 0.004 s-1. Modified nanocomposite showed better performance 
in photocatalytic regeneration and sorption process of methylene blue than previous nanocomposite  
ÚZnO-m·SiO2/g-C3N4 [20] and was tested with four regeneration cycles. 

4. CONCLUSION 

Nanocomposite sorbent based on graphitic carbon nitride incorporated into silicate structure containing zinc 
was successfully prepared and tested for sorption of methylene blue and photocatalytic regeneration. The EDX 
analysis confirmed estimated composition and SEM images showed ragged morphology of both prepared 
samples, which caused the great values of the specific surface area. The specific surface area of sample with 
20 wt.% of g-C3N4 was 366 m2/g and was greater than at the sample with 10 wt.% of g-C3N4 with the value 
of 320 m2/g. 

Both samples were successfully regenerated four times by UV LED light source. Greater content of g-C3N4 led 
to greater decrease in sorption capacity. The sorption capacity of ECN20 was 0.21 mg/g and after the fourth 
cycle of regeneration it was restored to 75 % of its original value. The sorption capacity of ECN10 was 
0.18 mg/g and after fourth cycle of regeneration it was restored to 90 % of its original value. Although both 
samples were successfully regenerated, the sample ECN10 performed better in the photocatalytic 
regeneration process under the UV light irradiation. 
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Abstract 

G-C3N4 is an intensively studied material for photocatalytic applications, mainly for the degradation 
of pollutants in water and air. The thermal polymerization of suitable precursors (urea, melamine, dicyanamide 
etc.) is the most often used approach for the g-C3N4 synthesis. In this research, g-C3N4 was prepared by the 
thermal polymerization of melamine and calcination conditions were tuned using Design of Experiment 
approach (DOE). Five factors, such as the temperature ramp rate, final temperature, holding time, cooling rate 
and amount of initial melamine, were preselected and tested on two levels: 3 and 10 °C/min, 500 and 550°C, 
0 and 1h, shock and slow cooling, 2.5 and 10 g. A half testing plan including 16 calcination experiments was 
set using fractional factorial design. The yield of final products of calcination was used as the measured output 
of the experiments. The photogeradation activity against the model dye acid orange 7 (AO7) was evaluated 
for selected samples. The results indicated the weight loss of melamine for a given temperature depended 
mainly on its initial weight and heating rate. The photodegradation activity was higher for the samples calcined 
at the temperature of 500 °C. 

Keywords: Graphitic carbon nitride, melamine, polymerization, DOE, photocatalysis 

1. INTRODUCTION 

The photocatalysts are materials studied for their potential to degrade organic, but also inorganic compounds 
and this feature can be utilized, for example, for cleaning of the air and water [1]. The principle of functionality 
of these materials is the light assisted generation of electron - hole pairs. The energy of incident light has to 
be equal or lower that the band gap energy of a photocatalyst. For example, widely studied TiO2 and ZnO are 
being intensively studied as the efficient photocatalysts [2,3]. The band gap energy of both TiO2 and ZnO 
reachs the values close to 3.2 eV what means their photoactivity can be evoked by the light with wavelength 
equal or lower to 386 nm (UVA region). Practically, it means that less than 10 % of the sun light can be used 
for activation of these materials and thus the artificial UV light has to be used for the efficient photocatalytic 
process over these materials.  

Although the many approaches for shifting the photoactivity of these materials to the VIS part of spectra 
already exist (mainly metal and non-metal doping). The efforts for searching of photocatalysts active in the 
visible range of spectra led, for example, to indication of g-C3N4 as the promising material for this purpose [4]. 
The band gap energy of g-C3N4 reaches the value 2.5 eV what means that it can be activated with light of the 
wavelength equal or lower than 495 nm. The preparation of g-C3N4 is based on the thermal treatment 
of suitable precursors, for example, melamine [5]. During heating the precursors of g-C3N4 melam, melem and 
melon as the by-products of the melamine thermal polymerization were found [6]. Interestingly, there is the 
number of papers dealing with the calcination of melamine with the aim to prepare g-C3N4 with high 
photoactivity. The reported calcination temperature ranges from low temperatures below 500°C to high 
temperatures above 600 °C [7,8]. Undoubtedly, there are other factors which could affect the final photoactivity 
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of synthesized g-C3N4 as well as the yield of final products, for example, the heating rate and holding time at 
a given temperature. 

Due to the variety of factors, which are considered to have the effect on the melamine calcination, DOE 
represents a systematic approach for the creation of a testing plan and the statistical evaluation of relations 
between factors affecting a studied process and the outputs of experiments [9]. DOE is a systematic method 
to determine the relationship between factors affecting a process and the output of that process. In other 
words, DOE allows to find factors that have an influence on the production process and determine their optimal 
values of the factors. When experimenting, we tried to find the relationship "cause-effect" when we used the 
targeted input changes to achieve changes in output. We tried to capture and describe this relationship using 
mathematical methods. From these outputs, it is possible to analyse many links and patterns about the 
process. 

Typical the DOE methodology is based on several steps. The first step is the analysis of studied process and 
indication of relevant factors influencing the studied process, setting their levels and defining the output(-s) 
of the process. The number of factors and the number of levels give the total number of experiments which 
need to be performed according to the equation (1).  

kn 2=                 (1) 

where  n is the number of experiments, k is the  number of factors and 2 is the number of levels.  

The further steps of DOE include i) preparation of a testing plan, iii) performing of tests, collection of outputs 
and iv) evaluation of the outputs. Based on the number of the factors and levels, the number of experiments, 
which are necessary to be performed, could be high and thus the methods of reduced testing plan are also 
adopted. Half testing plans based on the fractional factorial design [10] or the Taguchi approach [11] are the 
typical examples. 

In our research we focused on the evaluation of applicability of the half testing plan for tuning the calcination 
of melamine with the aim to identify the best combination of selected factors with respect to the yield of final 
products. The defined five factors, such as temperature, heating rate, hold time, cooling rate and the amount 
of melamine, were tested at two levels (minimum, maximum) resulted in 16 calcination experiments. The yield 
of the calcination product was used as the main output of the DOE experiments. The photodegradation of AO7 
was measured for the prepared materials. 

2. EXPERIMENTAL 

2.1. Design of experiment 

The half testing plan and its individual experiments were planned using the statistical software Minitab 17. Five 
factors, which should have the major influence on the calcination of melamine, were identified and are 
summarized in Table 1. 

Table 1 Selected factors and defined levels 

Factor  Identification 
Level 

Low High 

A Temperature (°C) 500 550 

B Heating rate (°C∙min-1) 3 15 

C Hold time (h) 0 1 

D Cooling rate F S 

E Weight of melamine (g) 2.5 10 

Note: The cooling rate levels were fast (F) and slow (S). 
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Using the equation (1) the number of the experiments for full factorial testing plan for the combination of the 
factors and levels listed in Table 1 is equal to 32. The half testing plan included 16 experiments selected by 
Minitab 17 and is shown in Table 2. Variable “-1” represents the low factor level and “+1” is the high factor 
level.  

Table 2 The definition of the half testing plan, the average yield of the final product  

No. 
Factors (Inputs) Output 

A B C D E Yield (%) 

1 -1 -1 -1 -1 1 64 

2 1 -1 -1 -1 -1 53 

3 -1 1 -1 -1 -1 47 

4 1 1 -1 -1 1 50 

5 -1 -1 1 -1 -1 57 

6 1 -1 1 -1 1 57 

7 -1 1 1 -1 1 49 

8 1 1 1 -1 -1 42 

9 -1 -1 -1 1 -1 60 

10 1 -1 -1 1 1 63 

11 -1 1 -1 1 1 55 

12 1 1 -1 1 -1 47 

13 -1 -1 1 1 1 64 

14 1 -1 1 1 -1 54 

15 -1 1 1 1 -1 47 

16 1 1 1 1 1 47 

2.2. Calcination experiments and photodegradation activity measurement 

Melamine (Karl Roth GmbH, Germany) was used for all calcination experiments. The calcination was 
performed in a muffle furnace (LAC, Czech Republic). Glazed ceramic crucibles with glazed ceramic covers 
were for the calcination experiments. The calcination was performed in static air atmosphere. Two replicas for 
each experiment defined in Table 2 were performed. TiO2 P25 (Degussa) was used for the comparison of the 
photodegradation activity of the prepared samples. 

The photodegradation activity of the prepared samples was tested by the photocatalytic decomposition of AO7 
(Synthesia,a.s., Czech Republic). In the typical experiment, the tested samples were weighted (0.0500 g) into 
a glass bowl filled with 150 ml of distilled water mixed using an electromagnetic stirrer (300 rpm). After 5 min 
of stirring 15 ml of the AO7 solution (c = 7.136∙10-4 mol∙dm-3) was added. The resulting suspension was further 
stirred in dark for 1 h to achieve adsorption equilibrium. After this period, 5 ml of the suspension was taken 
and filtered under vacuum using a membrane filter with porosity of 0.4 µm (Pragopor, Czech Republic). The 
absorbance of filtered solutions was measured at 480 nm using a HELIOS Σ spectrometer (ThermoSpectronic, 
USA) and as A0. In the same time a source of UV light (BLB 36 W, NARVA) was turned on and the sample 
was subjected to irradiation for 120 min. After this step, 10 ml of sample was taken out of the stirred suspension 
and filtered using a membrane filter. The absorbance of the filtered solution was measured at 480 nm and 
assigned A120. 

UV-VIS diffuse reflectance spectroscopy measurements (UV-VIS DRS) were performed using Shimadzu UV-
2600 spectrometer (Shimadzu, Japan) equipped with integrating sphere IRS-2600Plus (Shimadzu, Japan). 
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The samples were pressed inside the holder and DRS spectra were acquired in range 300 - 500 nm. BaSO4 
powder (Nacalai Tesque, Inc., extra pure reagent grade) was used for the setting of the baseline. The Tauc’s 
plots were used for the evaluation of indirect band gap values. 

3. RESULTS AND DISCUSSION 

The calcination yields obtained during the experiments defined by the half testing plan are shown in Table 2. 
The effect of the factor levels on the yields of the final product is expressed in Figure 1. Based on Figure 1 
the positive effect of the low temperature (500 °C), low heating rate (3 °C∙min-1) and low duration of the 
calcination on the yield was observed. However, an opposite effect of the level of cooling rate and weight of the 
sample was observed. Practically, Figure 2 shows us that for the maximum yield we should perform the 
calcination with the low heating rate, at the lower temperature, with the low holding time but the cooling rate 
should be faster and the higher amount of melamine should be used. 

 

Figure 2 The effect of the level of given factor on the process of melamine calcination 

The experiments ranking based on the yields is shown in Figure 2. Figure 2 indicated the sample 8 as the 
sample with the lowest yield, whereas the samples 1 and 13 as that with the highest product yield. 

 
Figure 2 The ranking of the samples based on the yield of the melamine calcination 

For the samples 1, 8 and 13 the photodegradation activity against AO7 was measured. After 2 h of the UVA 
irradiation the sample 8 showed 43 % of the AO7 degradation, whereas the sample 1 showed 80 % and 
sample 13 showed 87 % of the AO7 degradation. The reference sample TiO2 P25, which is usually used as 
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the reference material for evaluation of the photodegradation efficiency, showed 71 % of the AO7 degradation 
after the same time. 

The morphology of the sample 13 was studied using SEM technique and the image is shown in Figure 3a). 
The stacked particles of the platy character formed the irregularly shaped agglomerates. The UV-VIS DRS 
spectra of the samples 1, 8 and 13 are shown in Figure 3b). The band gap energies of the samples 1 and 13 
are similar and reached the values 2.81 and 2.79 eV, respectively; the calculated band gap energy of sample 
8 reached value 2.73 eV. 

 
Figure 3 SEM image of the sample 13 (a), reflectance spectra of the samples 1, 8 and 13 (b) 

4. CONCLUSION 

The half testing plan approach as one of the DOE methods was used for the optimization of the melamine 
calcination with respect to the yield of the final product. The results indicated the optimal calcination conditions 
were: i) the calcination temperature of 500 °C, ii) the heating rate of 3 °C∙min-1 and iii) the weight of melamine 
10 g as the optimal conditions with respect to the yield of the calcination. The measured photoactivity indicated 
the samples 1 and 13 as more efficient in comparison to the sample 8. The photodegradation activity of the 
samples 1 and 13 was higher than the reference sample TiO2 P25.  

The next step of our research will be the finalization of the photodegradation activity according to the half 
testing plan and using the DOE approach for the indication of the factor(-s) of the melamine calcination with 
significant effects on the photodegradation activity of final products. In parallel the full testing plan including 
next 16 calcination experiments will be performed and the same outputs (yield and photodegradation activity) 
will be measured. The results of the full testing plan will be compared with the results of the half testing plan. 
The selected samples will be characterized using the methods of chemical and phase analysis. The relations 
between observed characteristics of the final samples, yield and photodegradation activity will be described. 
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Abstract 

Nanostructuring and morphological engineering are the two important aspects of the control of the 
performance of functional materials. In the present work, we report on the fabrication of high aspect discrete 
TiO2 nanotubes possessing two or multi-legs via electrochemical anodization of titanium foil. The effect 
of applied voltage and anodization time with appropriate optimization of electrolyte containing (NH4) HF2 in 
diethylene glycol-based electrolyte were investigated. Scanning electron microscopy was employed to 
examine the morphology of the synthesized TiO2 nanotubes.  We observed that prolonged anodization times 
from 2 hrs to 6 hours, results in the formation of dense and high aspect nanotubes with improved lengths 
compared to the sample synthesized with 2 hours of anodization time.  

Keywords: TiO2, nanotubes, anodization, photoelectrochemistry 

1. INTRODUCTION 

Nanostructure materials have attracted enormous attention due to their interesting properties which differ from 
those of bulk materials. Among various types of ceramics, titanium dioxide as a significant inorganic functional 
material has extensively been investigated because of its useful chemical, optical and electronical properties. 
TiO2 nanotubes with dictinct size and morphologies have been synthesized using different method such as 
hydrothermal method, template synthesis and anodization method [1]. Highly ordered and vertical TiO2 
nanotubes with controllable pore size and length can be obtained by anodization method for use in applications 
incluing dye-sentisized solar cells, photocatalysis, gas sensor, drug release systems and photoelectrochemical 
water splitting [2]. Synthesis of anodic hollow nanostructure of TiO2 by anodizing titanium in chromic acid 
electrolyte solution was reported by Zwilling et al [2]. Gong et al. [3], reported the prepration of self-organized 
titanium nanotubes arrays by direct anodization of Ti foil in HF-H2O electrolyte at room tempreture in which 
the length of the synthesized TiO2 nanotubes were about 500 nm. Several anodization parameters have been 
considered, including potential, composition of electrolyte and time duration which can affect the morphology 
of nanotubes. 

Shakar et al [4] obtained multi-leg TiO2 nanotubes by a modified electrochemical bath solution consist of NH4F 
and formamide and HF contining di-ehylene glycol (DEG) electrolytes. Such nanotubes possess wider 
diameter for the sake of joining together towards the top. It is well known that greater interface can be offerred 
proportionally by multi-legs TiO2 nanotubes, which improves their photo-electrochemical ability than 
conventional TiO2 nanotube array [5]. Furthermore, the graded refractive index presented by these nanotubes 
makes the effective scattering of light and thereby harnesses the available light appreciably. 

In this present work, we report highly ordered, discrete (i.e. complately seperated and unconnected) multi-leg 
nanotubes with high aspect ratio which are effective candidates for light harvesting applications due to their 
branching nature, inter-tube spacing and wall thickness. 
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2. EXPERIMENTAL 

The TiO2 nanotubes were fabricated by the electrochemical anodisation method using Ti foil 0.25 mm thick 
(99.7 % purity, Sigma Aldrich) as an anode and Pt foil as a cathode. Prior to the anodisation the Ti foil was 
cleaned with low concentration HCl and subsequently ultrasonicated in acetone, isopropyl alcohol and de-
ionised water, for 10 min each. The Ti foil was dried with nitrogen gas before mounting onto the anodisation 
set-up. The anodisation was carried out at 60. 80 and 100 V for 2, 4 and 6 h in an electrolyte mixture containing 
96 ml DEG, 0.5 ml HF (48 % solution, Rankem) and 3.5 ml (1.5 M) NH4F aqueous solution (see Table 1). After 
the anodization, the samples were rinsed thoroughly with isopropyl alcohol and deionised water and kept at 
room temperature for 1 h to dry. Subsequently, as-prepared samples were annealed at 400 °C for 2 h to 
achieve the anatase phase. 

Field emission scanning electron microscopy (Hitachi SU6600- Tokyo, Japan) was used to investigate the 
surface morphology of the prepared samples. X-ray diffraction (PANalytical, The Netherlands) was employed 
to analyze the crystalline structure of the synthesized TiO2; the analyses were performed using a Co-Kα as 
radiation (40 Kv, 30 Ma, λ = 0.1789 nm) in the range of 10◦ ≤2θ ≤80◦. 

Table 1 Experimental conditions of TiO2 nanostubes arrays synthesized by anodization method  

Sample name 
Anodization time  

(h) 
Voltage  

(V) 

Temprature  
(°c) 

NT1 2 60 Room Tempreture 

NT2 4 60 35 

NT3 6 60 35 

NT4 2 80 35 

NT5 4 80 35 

NT6 6 80 35 

NT7 2 100 35 

NT8 4 100 35 

NT9 6 100 35 

3. RESULTS AND DISCISSION 

Mohammadpour et al. [6] reported the synthesis of multi-leg TiO2 nanotubes in HF containing DEG-based 
electrolyte at large anodization time (>40 h) and high voltage (120V). Figure 1. shows cross sectionals and 
top view images of synthesized TiO2 nanotubes via anodization method at 60 V for 2, 4 and 6 h. SEM image 
of sample NT1 with using lower distilled water (Figure 1a) indicates a not compact structure. However, with 
increasing the temperature of solution up to 35 ˚C, and decreasing distilled water to 3.5 ml in the solution the 
results show a clearly seperated nanotubes with approximately 1 µm long and pore diameter of ~200 nm 
(sample NT2, Figure 1b). Prolonging the anodization time to 4 and 6 h (Figure 1c and 1d respectively), could 
be used to increase the length of synthesized TiO2 nanotubes up to 4 µm, while the tubes‘ diameter remains 
the same of approximately 220 nm. Further observation indicated that more dense nanotubes can be clearly 
seen in Figure 1d comparing to that in Figure 1c. It can be concluded that an increase in the anodization time 
can decrease the distance between the synthesized nanotubes.  

A furture increase of the anodization voltage to 80 V for 2 h decreased the compression of multi-leg nanotube 
arrays with the same electrolyte solution (Figure 2a) comparing to the sample at 60 V for 2h (Figure 1b). 
However, by incresing the anodization time to 4 and 6 h, more nanotubes arrays can be observed (Figures 2b 
and 2c). Moreover, from the SEM images, the diameter and the length of the nanotubes for the NT7 sample 
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(sample with 6 h anodization time at 80 V) were about 400 nm and 4-4.5 µm, respectively. In order to 
corroborate the TiO2 nanotube arrays dispersion, SEM image of the sample NT7 with low magnification were 
depicted in Figure 2d. 

 

Figure 1 SEM images of the synthesized TiO2 nanotubes arrays at 60 V for a) 2 h with 4 ml of distilled water, 
b) 2h with 3.5 ml of distilled water, c) 4 h and d) 6 h. 

 

Figure 2 SEM images of the synthesized TiO2 nanostubes arrays at 80 V for a) 2 h, b) 4h, c) and d) 6 h with 
different magnifications 

The SEM images in Figure 3a, 3b and 3d confirm that prolonging the anodization time at 100 V for 2, 4 and 
6 h respectively, results in considerable change in the obtained TiO2 nanotube arrays density. Furthermore, 

a) b) 

d) c) 

a) b) 

c) d)
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by increasing the voltage under same conditions, the formation of a sponage oxide layer is observed, showing 
only little self-organized ordering of TiO2 nanotubes. 

 

Figure 3 SEM images of the synthesized TiO2 nanostubes arrays at 100 V for a) 2 h, b) 4h,  
and c) 6 h  

X-Ray diffractions (XRD) were used to demonstrate phase structure of the synthesized TiO2 nanotubes after 
calcination at 400 ˚C for a 2 h in air. XRD patterns of calcined NT2 indicate anatase phase (see Figure 4).  

 
Figure 4 XRD patterns of sample NT2 
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4. CONCLUSION 

In conclusion, we report on synthesis of discrete multi-leg TiO2 arrays using the electrochemical anodization 
method in diethylene glycol (DEG) containing fluoride ions. An increase in the anodization time from 2 up to 6 
h leads to synthesis longer nanotubes and at anodization potential of 80 V for 6 h, the longest nanotubes with 
wider diameter were obtained. These multi-leg nanotubes are suitable for enhanced light harvesting, leading 
to higher photocurrents in photoelectrochemical water splitting experiments. 

ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the support by the project LO1305 of the Ministry of Education, 
Youth, and Sports of the Czech Republic. 

REFERENCES 

[1] KMENT, Stepan, RIBONI, Francesca, PAUSOVA, Sarka, WANG, Lei, WANG, Lingyun, HAN, Hyungkyu, 
HUBICKA, Zdenek, KRYSA, JOSE, SCHMUKI, Patrik, ZBORIL, Radek. Photoanodes based on TiO2 and α-Fe2O3 
for solar water splitting-superior role of 1D nanoarchitectures and of combined heterostructures. Chemical Society 

Reviews. 2017, vol. 46, pp. 3716-3769 

[2] TAHMASEBPUOR, Roghayeh, BABALUO, Aliakbar, SHAHROUZI, Javad Rahbar, TAHMASEPOOR, Maryam          
and SHAHREZAEI, Mahdi. Theoretical and experimental studies on the anodic oxidation process for synthesis 
of self-ordering TiO2 nanotubes: effect of TiO2 nanotube lengths on photocatalytic activity. Journal 

of environmental chemical engineering. 2017, vol. 5, pp. 1227-1237.  

[3] GONG, Dawei, GRIMES, Craig, VARGHESE, Oomman C, HU, Wenchong, SINGH, R.S, CHEN, Zhi, DICKEY, 
Elizabeth C. Titanium oxide nanotube arrays prepared by anodic oxidation. Journal of material research, 2011, 
Vol. 16, no.12, pp. 3331-3334. 

[4] RAMBABU, Yalavarthi, JAISWAL, Manu, ROY, Somnath. Enhanced photoelectrochemical performance of multi-
leg TiO2 nanotubes through efficient light harvesting. Journal of Physic D: Applied Physics. 2015. vol. 48, pp. 1-9. 

[5] BODA, Muzaffar Ahma, AFSHAR SHAH and Mohammad. Nhancd phoo-electrochemical potential of Fe2O3 by 
nanotube arra wit multiple legs. Journal of material science, 2018, vol. 29, pp. 4569-4601. 

[6] MOHAMMADPOUR, Arash, WAGHMARE, Prashant, MITRA, Sushanta and SHANKAR, Karthik. Anodic groeth 
of large -diameter multipodal TiO2 nanotubs. ACS Nano, 2010, vol. 4, no. 12, pp. 7421-7430. 

  



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

142 

INACTIVATION OF ASPERGILLUS NIGER ON PAINTS CONTAINING ZnO 

1Zuzana RÁCOVÁ, 2Michal BAUDYS, 2Josef KRÝSA, 1Petra TICHÁ, 5Pavel DEMO 

1CzechTechnical University in Prague, Prague, Czech Republic, EU,  
zuzana.racova@fsv.cvut.cz, petra.ticha@fsv.cvut.cz 

2University of Chemistry and Technology, Prague, Czech Republic, EU,  
baudysm@vscht.cz, krysaj@vscht.cz 

5Academy of Sciences of the Czech Republic v.v.i., Institute of Physics, Prague, Czech Republic, EU, 
demo@fzu.cz 

Abstract 

Many paints contain special additives such as biocides which act as a prevention against biodeterioration. 
Presence of nanoparticles of silver and copper may inhibit the grow of microorganism. Self cleaning facade 
paints containing photocatalytic particles (mostly TiO2) appear also on the market. Such paints are after 
irradiation of sunlight no to susceptible to soiling and thus help to keep exterior of building clean. Another type 
of paints is prepared with aim to improve air quality in exterior via photocatalytic oxidation organics compounds 
such as acetaldehyde, formaldehyde etc. This contribution deals with the application of ZnO particles to water 
based acrylic paints. The objective is to determined antifungal capability against A. niger. Attention will be also 
paid to determination of photocatalytic activity. Photocatalytic activity will be determined using indicator ink 
containing Resazurin dye. This method is based on observation of color change from pink to blue which occurs 
on photocatalytic surface. 

Keywords: Self-cleaning, ZnO, Aspergillus niger, photocatalysis 

1. INTRODUCTION  

Self-cleaning paints contains besides usual pigment and fillers also particles of photocatalytic materials mostly 
TiO2 of anatase modification but also paints containing ZnO [1] are not unusual. Such surfaces are after 
irradiation by UV light not to susceptible to soiling [2] and also exhibit superhydrophilic properties, which means 
that water do not formed droplets but it flows out from the surface in the form of thin film due to the decrease 
of water contact angle [3]. Such paints are also potential application to prevent biodeterioration of buildings 
material [4]. 

The resistance of building materials to micro-organisms is one of their monitored properties [5]. It is used to 
be tested the resistance to bacteria, mould and fungi. This paper deals with the resistance of the paint 
containing ZnO to fungi.The deal of this contribution is preparation and characterization of laboratory paints 
containing ZnO in term its photocatalytic and antifungal properties using Aspergillus niger.  

2. EXPERIMENTAL 

As a photocatalyst was used commercial ZnO with crystall size about 66 ± 3 nm (Sheerrer equation) and 
specific area 6 m2/g (BET isotherm). Applying of ZnO in aqueous acrylic dispersion with non-photoactive rutile 
pigment, calcium carbonate and special additives were prepared samples of interior paints containing  
8 % ZnO (in dry matter) Beside photoactive paint also reference paint without photocatalytic pigment 
containing only inactive rutile was prepared. Samples of paints were coated on glass (5x10 cm) using wire 
wound rot, the thickness of wet film was 120μm. 

Photocatalytic activity was measured by method published in [6] which is based on reduction of Resazurin ink. 
Samples with photoactive coating were covered by Resazurin ink using 24 micron K bar, after drying samples 
were periodically irradiated by UV A light (λ = 351 nm, intensity 2 mW/cm2). During UV exposition, it comes to 
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reduction of Resazurin (blue) to Resorufin which is pink. Photocatalytic activity is than expressed as time of UV 
exposition which is needed to reach 90 % of overall color change.  

Antifungal properties were studied using inactivation of Aspergillus niger [7]. Petri dishes with malt extract agar 
(Oxoid, Great Britain) containing samples of paints (25 x 25 mm) were inoculated by spraying of suspension 
of physiological solution containing spores of Aspergillus niger (Czech Collection of Microorganisms). 
Reference plates without paint samples were used as a control of growth of Aspergillus niger. Each test was 
performed with samples in five replicates. Samples were cultivated at temperature 23 ± 3 °C in light/dark cycle 
(16/8 hours). The experiment was evaluated as antifungal activity of tested paint visually after 28 days. The 
growth and development of mould mycelium on the dish and surface of the coating on a glass mat was 
monitored during the time of experiment to obtain comparison for paint with and without additive of 8 % ZnO. 
The scale used to evaluate mold growth is based on the standard ČSN EN ISO 846 (0 - no growth, 1 - growth 
visible only under the microscope, 2 - growth visible to the naked eye, covering less than 25 % of the surface, 
3 - growth visible to the naked eye, covering less than 50 % of the surface, 4 - significant growth covering more 
than 50 %, 5 - surface covered with 100 %). 

3. RESULTS AND DISCUSION  

In Figure 1, there is illustrated dependence of red channel depending on time of UV irradiation for 6 paints 
samples containing 8 % of ZnO (in dry matter). We can see that during UV irradiation it comes to increase 
of Red channel, which corresponds to gradual color change of blue Resazurin to pink Resorufin. After 85 
seconds of irradiation we can see in dependence in Figure 1 typical elbow which corresponds to the time 
when the color of ink stop changing. With further UV irradiation the values of red channel didn’t change and 
Photocatalytic activity is than expressed as time which is needed to reach 90 % of overall color change (time 
to bleach - Ttb90). Calculated values are calculated by red squares and corresponds to the 83 ± 3 s. Reference 
paint without photocatalytic ZnO do not who measurable photocatalytic activity as results from Table1. 

 
Figure 1 Dependence of photocatalytic experiment - paint containing 8 % of ZnO (experiment was proved 

for 6 identical samples, calculated TTb90 values express as red full squares) 

Similar results of photocatalytic activity using Resazurin ink was observed in paper [8] in which photocatalytic 
activity of water based acrylic paint containing 8 % of TiO2 was studied. On the other hand in paper published 
by Hochmanová et al. [1] was observed higher activity for ZnO compared to TiO2 (measured using degradation 
of azo dye AO7). 
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Table 1 Comparison of color change of Resazurin ink on paint containing 8 % of ZnO (up) and reference  
   sample 

Sample/Time of UV 
exposition (seconds) 

0 15 30 60 

Active paint 8 % of ZnO 

    

Reference paint without ZnO 

    

Table 2 Aspergillus niger growth on the surface of paint samples during experiment  

Sample/day of cultivation 6th 8th 12th 28th 

Active paint 8 % of ZnO 

    

Reference paint without ZnO 

    

Reference paint without ZnO 
without inoculation 

    

Control 

    

Aspergillus niger growth was monitored and noted for one month. The growth of mold is presented in the 
photos taken during experiment in Table 2. In Table 3 there are shown results of the selected time intervals 
as an average value obtained from five repetition of samples. The results did not show significant difference 
between tested paint during the first six days. At eighth day first variation in mold growth was observed by kind 
of paint samples with inoculation. Growth of Aspergillus niger was more massive in the case of a sample 
without the addition of ZnO. It should be noted that even on the sample with the addition was the growth 
observed (growth visible only under the microscope - Table 3). Growth was registered up to the 28th day after 
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inoculation. Even after the basic monitoring (28 days) has not acquired growth tendencies such as the sample 
without the addition of ZnO (meaning 50 days after inoculation). Those results are in the good agreement with 
paper [9] mentioned antifungal properties of ZnO. 

Table 3 Evaluation of mold growth on the surface of paint samples  

Sample/day of cultivation 6th 8th 12th 28th 

Active paint 8 % of ZnO 0 0 0 1 

Reference paint without ZnO 0 1 2 3 

Active paint 8 % of ZnO without inoculation 0 0 0 0 

Reference paint without ZnO without inoculation 0 0 0 0 

Control 4 5 5 5 

4. CONCLUSION  

Photocatalytic and antifungal activity of water based acrylic paints containing 8 % of ZnO was determined. 
Prepared paints exhibit measurable photocatalytic activity which was quantified as Ttb90 (83 ± 3 s). Obtained 
results were similar to Ttb90 values determined for paints containing TiO2. Antifungal properties was proved 
using Aspergillus niger as a model organism. After 8 days of the test apparent difference of mold grow was 
recorded. In sample containing ZnO, the growth of model organism was much lower which indicate antifungal 
properties of ZnO under presented setup of experiment. Given the obtained results it can be classified that the 
prepared coating has antifungal effect. 
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Abstract 

This study is focused on preparation of pristine zinc sulphide (ZnS) and zinc sulphide/kaolinite (ZnS/K) 
nanocomposite using one-pot hydrothermal synthesis under atmospheric pressure and without any surfactant. 
Together with finding a simple preparation method, the aim was to achieve a high photocatalytic activity, and 
also reduce the environmental risk of ZnS (in the case of ZnS/K). Pristine ZnS was synthesized from aqueous 
solutions of zinc chloride and sodium sulphide in various ratios. ZnS/K nanocomposite was prepared similarly 
by addition of kaolin KKAF into the mixture of zinc chloride and sodium sulfide solutions. Reaction mixtures 
were continuously stirred at 100°C for several hours, resulting white solids were separated by centrifugation, 
washed with distilled water, and dried at 105°C overnight. X-ray powder diffraction analysis revealed the 
presence of cubic modification sphalerite both in ZnS and ZnS/K samples. Amount of ZnS in ZnS/K (~32 wt.%) 
was determined by Rietveld method which also confirmed the sphalerite structure. Morphology of the samples 
was observed using scanning electron microscopy. In the case of ZnS/K, the ZnS nanoparticles anchored on 
the kaolinite surface were observed. Photocatalytic activity evaluated using discoloration of Acid Orange 7 
(AO7) in a liquid phase was found very high for ZnS samples. After 1 h of UV irradiation, ~99 % of AO7 was 
degraded by ZnS. Photodegradation efficiency reached 96 % in the case of ZnS/K. Taking into account that 
only ~32 wt.% of ZnS is present in ZnS/K, the photocatalytic activity of the nanocomposite can be considered 
three times higher compared to pristine ZnS.  

Keywords: ZnS, kaolinite, hydrothermal synthesis, photoactivity, nanocomposite 

1. INTRODUCTION  

Zinc sulfide (ZnS), a direct wide band gap semiconductor crystallizing either in cubic sphalerite structure  
(Eg = 3.3-3.7 eV) or hexagonal wurtzite structure (Eg = 3.7-3.9 eV) [1], has found its application in many 
practical applications. In addition to medical diagnostics, senzoring, and optoelectronic devices [2], the ZnS 
plays an important role also in the field of photocatalysis, and ZnS quantum dots [3], nanoparticles [4], or 
microparticles [5] were reported as suitable for this purpose. ZnS can be prepared from a range of zinc and 
sulphur precursors (zinc acetate [3,6], zinc chloride [7], zinc nitrate [4,5], thioacetamide [3], sodium sulphide 
[4,5], etc.) via various preparation methods including sonochemical synthesis [3], melting the precursors in 
autoclave at 210°C for 24 h [4], hydrothermal synthesis in autoclave at 180°C for 12 h [5], or low-temperature 
solid-state chemical synthesis [7]. Surfactants for controlling the size and preventing an agglomeration of ZnS 
are quite often used [6,7]. Since the free nanoparticles can be hazardous [8], it is reasonable to prepare 
nanocomposites in which the mobility of nanoparticles is limited. Earlier studies have shown clay minerals as 
suitable matrices for anchoring the nanoparticles. Moreover, these nanocomposites exhibit higher 
photocatalytic activity compared to pure nanoparticles [6,9]. Nanocomposites of clay/ZnS type are not reported 
as commonly as clay-based nanocomposites containing TiO2 or ZnO. Only few works on montmorillonite/ZnS 
can be found, e.g., Kozák et al. [6] who reported a two-step synthesis in which pure ZnS nanoparticles were 
prepared and then anchored to pure MMT by shaking both components in aqueous solution. The aim of this 
work is to test the preparation of ZnS nanoparticles and ZnS containing nanocomposite by a simplified one-
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step method without surfactants, without temperature higher than 100°C, and without complicated 
instrumentation. With respect to our earlier experiments [9], a similar preparation process and the same clay 
mineral, i.e., kaolinite KKAF, have been used in this work. X-ray powder diffraction, Rietveld analysis, and 
scanning electron microscopy were used to characterize the prepared samples. Finally, photoactivity of pure 
ZnS nanoparticles and the kaolinite/ZnS nanocomposite was determined and compared. 

2. MATERIALS AND METHODS 

2.1. Preparation of the samples 

Zinc chloride (ZnCl2; anhydrous; Lach-Ner) and sodium sulphide (Na2S; anhydrous, Fisher Scientific) were 
used as received. For the preparation of pure ZnS nanoparticles, aqueous solutions of precursors having 
various concentrations (Table 1) were mixed in a beaker and continuously stirred at constant temperature 
100°C. The kaolinite/ZnS nanocomposite was prepared similarly by mixing aqueous solutions of precursors in 
presence of 0.5 g of kaolinite KKAF (LB MINERALS). Size fraction < 40 μm was used. The resulting 
precipitates were centrifuged, washed with distilled water and dried at 100°C overnight. While the samples 
of pure ZnS nanoparticles were consecutively numbered, the nanocomposite was denoted as K/ZnS (Table 1).  

Table 1 Reaction conditions for the synthesis of ZnS nanoparticles and K/ZnS nanocomposite  

sample  
c(ZnCl2) 

(mol/dm3) 
c(Na2S) 

(mol/dm3) 
molar ratio mkaolinite (g) reaction time 

(h) 

ZnS_1 1.00 1.00 1:1 - 5 

ZnS_2 0.50 1.00 1:2 - 5 

ZnS_3 0.25 1.00 1:4 - 5 

K/ZnS 0.50 1.00 1:2 0.5 4 

2.2. Characterization methods 

X-ray powder diffraction (XRPD) patterns were recorded (range 5-80°2θ) in reflection mode in symmetrical 
Bragg-Brentano arrangement using Bruker D8 Advance diffractometer equipped with fast position sensitive 
detector VÅNTEC 1. Radiation CoKα was used (λ = 0.1789 nm). Sizes of ZnS crystallites (Lc) were calculated 
from ZnS(111) reflection according to Scherrer formula [10]: 

θβ
λ

cos

K
Lc =                                                                                                                                                (1) 

where K is the dimensionless shape factor (0.9 was used), λ is the radiation wavelength (nm), β is the full width 
at half maximum of the most intensive ZnS reflection, i.e., the ZnS(111) reflection (°), and θ is the position 
of the ZnS(111) reflection (°). Lanthanum hexaboride (LaB6) was used as a standard. Rietveld analysis (RA) 
of XRPD data was performed in Diffrac.Suite Topas software. Conditions of the RA were set up according to 
the experimental setting of the diffractometer, i.e., slit width 0.6 mm, Soller slits angle 2.3°, Lorentz polarization 
factor 0° (no monochromator). Chebyshev fifth-order polynomial was used for modeling the background. 
Goodness of fit was evaluated using χ2 parameter [11] calculated via the least-square refinement of model 
XRPD pattern according to the experimentally obtained XRPD pattern. Scanning electron microscope (SEM) 
Hitachi SU6600 equipped with secondary electron detector was used to observe the samples. Prior the 
analysis, each sample was sputtered with Au/Pd. Accelerating voltage 5.0 kV was used. Photocatalytic 
experiment was performed in liquid phase using Acid Orange 7 (AO7). For each sample, two suspensions 
containing AO7 aqueous solution (V = 5 ml, c = 6.259∙10-4 mol/dm3), 65 ml of demineralized water, and 50 mg 
of the sample were stirred in the dark for 1 h in order to obtain the adsorption equilibrium. One suspension 
was subsequently stirred under UV irradiation (λ = 254 nm) for 1 h, the second one was stored in the dark. 
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Photocatalytic activity (PA) was evaluated using CINTRA 303 UV-VIS spectrometer according to the following 
equation: 

1001(%) ⋅

















−=

c

i

A

A
PA                                                                                                                                       (2) 

where Ai and Ac is the intensity of AO7 absorption maximum (480 nm) for irradiated and control suspension, 
respectively.  

3. RESULTS AND DISCUSSION 

3.1. Phase composition of the samples  

XRPD analysis showed that all three samples ZnS_1, ZnS_2, and ZnS_3 contain the same ZnS phase 
(Figure 1a), however, two options - sphalerite (PDF no. 05-0566) and wurtzite 8H (PDF no. 39-1363) - offered 
by ICDD PDF 2 Release 2014 database were very similar. Therefore, the RA was involved and two different 
models were used. Starting from unit cell parameters a = b = c = 5.409 Å, α = β = δ = 90° (sphalerite [12]) and 
a = b = 3.829 Å, c = 25.041 Å, α = β = 90°, δ = 120° (wurtzite 8H polytype [13]), the RA (performed on ZnS_3 
pattern) revealed that the ZnS is present as the face centered cubic phase sphalerite. The χ2 values 1.54 and 
3.74 for sphalerite and wurtzite 8H, respectively, were obtained (compare also Figures 1b and 1c). For ZnS_1, 
ZnS_2, ZnS_3 samples, the Lc values (Eq. 1) were 3.89 nm, 7.70 nm, 7.81 nm, respectively. Consistency 
of the increase in Lc values and the increase in Na2S : ZnCl2 ratios (Table 1) is evident.  

 

Figure 1 (a) XRPD patterns of ZnS_1, ZnS_2, and ZnS_3 sample in the range 20-70°2θ. (b) Experimentally 
observed (ZnS_3, blue), Rietveld calculated (red), and difference (grey bottom line) profiles for (b) sphalerite 

and (c) wurtzite 8H model applied to ZnS_3 XRPD data 

XRPD pattern of the K/ZnS nanocomposite (Figure 2) revealed four phases: kaolinite (PDF no. 58-2028), 
muscovite (PDF no. 58-2037), quartz (PDF no. 46-1045, and sphalerite (PDF no. 05-0566). The latter phase 
was confirmed again by the RA which was used also for quantitative determination of the K/ZnS composition 
(Figure 2). Starting from the cell parameters a = 5.155 Å, b = 8.945 Å, c = 7.405 Å, α = 91.70°, β = 104.86°, δ 
= 89.82° (kaolinite [14]), a = 5.189 Å, b = 8.995 Å, c = 20.097 Å, α = δ = 90°, β = 95.11° (muscovite [15]), a = 
b = 4.913 Å, c = 5.405 Å, α = β = 90°, δ = 120° (quartz [16]), and the abovementioned cell parameters for 
sphalerite, the χ2 value 2.26 for the XRPD pattern of K/ZnS sample was obtained. According to the quantitative 
RA, 49.16 wt.%, 11.85 wt.%, 7.26 wt.%, and 31.73 wt.% of kaolinite, muscovite, quartz, and sphalerite, 
respectively, is present in the K/ZnS nanocomposite. Good agreement between XRPD pattern and theoretical 
fit (Figure 2) indicates accuracy of the calculated weight percentages of individual phases in the K/ZnS 
sample. For ZnS in K/ZnS sample, value Lc = 4.83 nm was obtained using Eq. (1). The size of crystallites is, 
therefore, ~ 1.6 times lower compared to the ZnS_2 sample which was prepared using the same Na2S : ZnCl2 
ratio as the K/ZnS (Table 1). 
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Figure 2 Experimentally observed (blue), Rietveld calculated (red), and difference (grey bottom line) profiles 
for the K/ZnS nanocomposite. M - muscovite, K - kaolinite, Q - quartz, S - sphalerite. 

3.2. Scanning electron microscopy  

Morphology of pure ZnS (Figures 3a-c) and K/ZnS (Figures 3d-f), was studied using SEM analysis. 

 

Figure 3 SEM images of samples (a) ZnS_1, (b) ZnS_2, (c) ZnS_3, and (d) K/ZnS 

No significant differences between the pure ZnS samples were observed (Figures 3a-c), i.e., no influence 
of the Na2S : ZnCl2 ratio on the morphology was found. A common feature is the high degree of agglomeration, 
however, although agglomerates reach sizes in the micrometer range, round shaped nanoparticles having size 
< 100 nm can be recognized (Figures 3a-c). In the case of K/ZnS nanocomposite, SEM analysis confirmed 
the XRPD results in the meaning of ZnS growing on the clay matrix (Figures 3d-f). Figure 3d shows typical 
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hexagonally shaped particle of kaolinite covered by ZnS nanoparticles. Further observation of the K/ZnS 
nanocomposite revealed uneven coverage of the clay matrix by the ZnS nanoparticles. In addition to 
completely covered areas (Figure 3e), also the relatively empty areas with only few nanoparticles (more or 
less isolated) were found (Figure 3f). The nanoparticles observed on the surface at the greatest magnification 
(Figure 3f) have the size from units to tens of nanometers. 

3.3. Photocatalytic activity  

Photodegradation of AO7 revealed almost identical and very high PA values for all three samples ZnS_1 (99.8 
%), ZnS_2 (100 %), and ZnS_3 (99.2 %) (Figure 4). These results suggest negligible correlation between 
Na2S : ZnCl2 ratio used and the resulting PA value. For K/ZnS nanocomposite, the PA value is slightly lower 
(95.6 %), however, significantly lower ZnS amount in this sample (31.73 wt.%; see section 3.1) compared to 
samples ZnS_1, ZnS_2, and ZnS_3 (containing all 100 wt.% of ZnS) need to be kept in mind when evaluating 
the results. Thus, the ZnS in the K/ZnS nanocomposite exhibit nearly three times higher PA than pure ZnS 
nanoparticles when the ZnS amount in tested samples is taken into account. The observed increase in PA can 
be attributed to a lower degree of agglomeration of the ZnS nanoparticles in K/ZnS nanocomposite (see 
Figures 3d,f) due to their anchoring to the kaolinite matrix. The anchoring, along with a smaller size 
of nanoparticles, results in a higher area directly accessible to AO7 dye molecules. 

 

Figure 4 Photocatalytic activity (PA) against AO7 after 1 h of UV irradiation. Calculated according to Eq. 2. 
Samples and PA values marked with ● were taken from [9] for comparison.  

The K/ZnS nanocomposite was also compared with kaolinite-based nanocomposite containing 30 wt.% of ZnO 
[9] (see KAZN13 in Figure 4). For the KAZN13 sample tested under the same conditions as in this work, PA 
= 36 % (Figure 4) was found [9], while to reach PA similar to the K/ZnS, the KAZN13 had to be calcined at 
600 °C for 1 h (see KAZN63 in Figure 4) [9]. Unnecessity of the calcination step to obtain the same PA value 
is an important economic factor reducing the cost of K/ZnS preparation.     

4. CONCLUSION 

Pure ZnS nanoparticles and K/ZnS nanocomposite were successfully prepared using simple one-pot 
hydrothermal method under atmospheric pressure and without any surfactant. Qualitative XRPD analysis 
supported by RA confirmed sphalerite phase in prepared samples, quantitative analysis revealed 31.73 wt.% 
of the sphalerite in the K/ZnS nanocomposite. Morphology of the samples and anchoring of nanoparticles on 
the clay matrix was observed using SEM. For the pure ZnS samples, the photocatalytic experiment performed 
in liquid phase for 1 h under UV irradiation showed nearly complete degradation of AO7 dye.  Slightly lower 
PA value 95.6 % was obtained for the K/ZnS sample, however, with respect to the ZnS amount (31.73 wt.%), 
the photoactivity of this nanocomposite can be considered very high. Unlike the previously prepared kaolinite-
based nanocomposite containing 30 wt.% of ZnO, no calcination is needed in the case of K/ZnS to reach such 
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high PA value. The K/ZnS nanocomposite seems to be a very promising material for potential practical use in 
photocatalysis. 
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Abstract 

Bismuth iodate was prepared using a hydrothermal synthesis of Bi(NO3)3·5H2O and I2O5. The time effect of the 
hydrothermal synthesis (4, 24, 48 and 72 h) on the structure, specific surface area (SSA) and morphology 
of bismuth iodate particles, their optical properties and photodegradation activity were studied. A major phase 
presented in the prepared samples was BiIO4 of which crystallite size increased with the duration of the 
synthesis as revealed with X-ray powder diffraction method. The values of specific surface area decreased 
with increasing time of the thermal treatment. The particles size and their morphology changed from very fine 
particles stacked into fluffy agglomerates observed after 4 h to agglomerates of tabular particles observed 
after 72 h long synthesis. The photocatalytic performance of the prepared samples irradiated with UVA light 
was evaluated by the photodegradation of model organic dye acid orange 7. It was observed that with the 
increasing duration of the BiIO4 synthesis the photodegradation activity of resulting samples decreased. The 
photodegradation activity of BiIO4 prepared at 4 and 24 h was higher than that of TiO2 P25 (Degussa). 

Keywords: Bismuth iodate, hydrothermal synthesis, characterization, photocatalysis 

1. INTRODUCTION 

The photocatalytic degradation of hazardous substances in water and air is part of perspective and widely 
studied methods mainly due to the fact that only an appropriate photocatalyst and light source of suitable 
wavelength is necessary. Titanium dioxide especially in its anatase form is undoubtedly the most studied 
material used for this purpose [1,2]. The band gap energy of anatase is approximately 3.20 eV what means 
this photocatalyst can be activated with light having wavelength equal to or lower than 387 nm what means it 
can be activated by UVA irradiation. Nowadays, many efforts are focused on the preparation of photocatalysts 
active in visible region of spectra, for example, intensively studied graphitic carbon nitride (g-C3N4) [3,4]. 
Efficient photocatalysts activated also by artificial UV light are still on high demand. The searching for new 
photocatalysts mainly reflects the demand for higher photodegradation efficiency, especially shifted towards 
the visible region [5]. 

It was already proved that the different bismuth based compounds, such as BiVO4 [6], Bi2WO6 [7], Bi2O3 [8], 
exhibit high photodegradation efficiency, probably ascribed to lone pair electrons of Bi3+ [9]. BiIO4 with layered 
structure is one of promising photocatalytically active semiconductors with the band gap energy close to that 
of TiO2 [10,11]. Its layered structure is favorable for the efficient separation of electrons and holes and in 
general, this feature predetermines the layered photocatalytically active materials as the efficient 
photocatalysts. 
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In this research we focused on the synthesis of the BiIO4 photocatalysts using the hydrothermal synthesis 
of aqueous solutions of Bi(NO3)3·5H2O and I2O5. The prepared samples were characterized using X-ray 
powder diffraction method. Specific surface area was measured using the BET method; morphology of the 
particles was studied using scanning electron microscopy and band gap energy was determined using UV-
VIS diffuse reflectance spectroscopy. The photodegradation activity of the prepared samples was evaluated 
by the UV induced photodegradation of azo dye acid orange 7. 

2. MATERIALS AND METHODS 

2.1. BiIO4 synthesis 

Bi(NO3)3·H2O was obtained from Penta s.r.o., I2O5 was obtained from Sigma Aldrich, distilled water was used 
for all of the experiments. The weighted amounts of Bi(NO3)3·5H2O and I2O5 were dissolved separately in 
distilled water with assistance of ultrasound. The resulting solutions were mixed together to reach a weight 
ratio of 1:3 of pure Bi(NO3)3·5H2O and I2O5. The resulting mixture was further mixed using an electromagnetic 
stirrer for 1 h. After this step, the reaction mixture was treated in an autoclave at 150 °C for 4, 24, 48 and 72 h. 
The resulting white slurry was filtered and washed with distilled water and dried at 60 °C. Resulting coarse 
particles were pulverized using an agate mortar to give the final samples assigned as BiIO4(4), BiIO4(24), 
BiIO4(48) and BiIO4(72), respectively. 

2.2. Characterization methods 

The X-ray powder diffraction (XRPD) examination of the samples was performed on a SmartLab diffractometer 
(Rigaku, Japan) equipped with a detector D/teX Ultra 250. Cobalt tube (CoKα, λ1 = 0.178892 nm, λ2 = 0.179278 
nm) operated at 40 kV and 40 mA was used as an irradiation source. The powder samples pressed in a silicon 
holder were measured in a reflection mode with the Bragg-Brentano geometry in a 2θ range of 5° − 90°, with 
a step size of 0.02° and speed of 1.5 deg∙min−1. 

Specific surface area (SSA) of the samples was measured using an automated volumetric apparatus 3Flex 
(Micromeritics Instruments, USA) after sample degassing at 60 °C for 24 h at vacuum higher than 1 Pa. 
Nitrogen was used as an adsorbate and the adsorption-desorption isotherms of nitrogen were measured at 
−196 °C. The values of SSA were calculated according the Brunauer-Emmett-Teller (BET) theory for the range 
of relative pressure of 0.05-0.25. 

UV-VIS diffuse reflectance spectroscopy (UV-VIS DRS) measurements were performed using a Shimadzu 
UV-2600 spectrometer (Shimadzu, Japan) equipped with an integrating sphere IRS-2600Plus (Shimadzu, 
Japan). The samples were pressed inside a holder and UV-VIS DRS spectra were acquired in the range of 300 
- 500 nm. BaSO4 powder (Nacalai Tesque, Inc., extra pure reagent grade) was used for a baseline setting. 
The Tauc’s plots were used for the evaluation of indirect band gap energies [12]. 

Scanning electron microscopy (SEM) observations were conducted using a FEI Quanta 650 FEG microscope 
(FEI, USA). The powders were spread over a conductive tape attached to a sample holder and sputtered with 
chromium using Quorum Q150T ES (Quorum Technologies, Great Britain) to reach its layer thickness 
of approximately 35 nm. The particles were observed using a back scattered electron detector (BSE). 

The photodegradation activity of prepared samples was tested by the UV induced photodegradation of acid 
orange 7 (AO7) (Synthesia, a.s.). In the typical experiment, the tested samples were weighted (0.0500 g) into 
a glass bowl filled with 150 ml of distilled water and mixed using an electromagnetic stirrer (300 rpm). After 5 
min of stirring 15 ml of the AO7 solution (c = 7.136 10-4 mol dm-3) was added. The resulting suspension was 
further stirred in dark for 1 h to achieve the adsorption equilibrium. After this period, 5 ml of suspension was 
taken and filtered through a syringe filter Chromafil PP/GF/RC-20/25 (Macherey-Nagel, Germany). The 
absorbance of filtered solutions was measured at 480 nm using a Shimadzu UV-2600 spectrometer and 
assigned as A0. In the same time a source of UV light (BLB 36 W, NARVA) was turned on and the sample was 
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subjected to irradiation for 150 min. 5 ml of sample was taken out of the stirred suspension in selected time 
intervals (30, 60, 90 and 150 min) and filtered using a syringe filter. The absorbance of the filtered solution 
was measured at 480 nm; the values were assigned as A30, A60, A90 and A150, respectively. 

3. RESULTS AND DISCUSSION 

X-ray powder diffraction analysis 

The XRPD patterns of the synthesized samples BiIO4(4), BiIO4(24), BiIO4(48) and BiIO4(72) are compared in 
Figure 1. The phase BiIO4 (01-080-7870) was identified as a major phase in all of the prepared samples. It is 
evident the intensity of the diffraction lines (0 1 0) and (0 4 2) are growing with duration of the hydrothermal 
synthesis. 

  
Figure 1 XRPD patterns of BiIO4(4) (a), BiIO4(24) (b), BiIO4(48) (c) and BiIO4(72) (d) samples  

The sizes of the crystallites were calculated according to the Halder-Wagner equation implemented in the 
evaluation software PDXL2 (Rigaku, Japan) and are listed in Table 1. 

Table 1 The values of crystalite size (LD), specific surface area (SSA), band gap energy (Eg)  

Sample LD (nm) SSA (m2×g-1) Eg (eV) 

BiIO4(4) 20 16 3.20 

BiIO4(24) 30 11 3.20 

BiIO4(48) 39 6 3.17 

BIO4(72) 52 7 3.17 

TiO2 P25  Anatase - 20; Rutile - 29 50 3.20 

The intensities of the diffraction lines obtained for the samples BiIO4(4) and BiIO4(24) are closely similar with 
that reported for BiIO4 (JCPDS 01-080-7870). For the samples BiIO4(48) and BiIO4(72) the significantly higher 
intensity was registered for the diffraction peak (0 4 0) in comparison to that reported in its PDF card (JCPDS 
01-080-7870) which could be attributed to preferential growing of the BiIO4 crystals in this direction. The XRPD 
diffraction pattern of TiO2 P25 (not shown in Figure 1) revealed the presence of anatase (A) and rutile (R) with 

0 10 20 30 40 50 60 70 80 90

(0
 5

 0
)

(0
 2

 0
)

a)

b)

(1
 3

 3
)

(1
 6

 1
)

(3
 2

 1
)

(1
 2

 3
)

(2
 4

 0
)

(0
 4

 2
)

(2
 0

 2
)

(1
 3

 1
)

(0
 4

 0
)

(2
 0

 0
)

(0
 0

 2
)

(1
 2

 1
)

d)

c)

 

 

°2Theta CoKα

(0
 1

 0
)



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

155 

the crystallite sizes of 20 and 29 nm, respectively. The calculated weight proportion of anatase and rutile in 
the P25 sample was 80 : 20. 

The dependency of optical reflectance of the sample powders on wavelength was measured using UV-VIS 
DRS and is shown in Figure 2. The appropriate Tauc´s plots for indirect transitions are shown in Figure 3 and 
the determined band gap energies are listed in Table 1. 

 
Figure 2 UV-VIS DRS spectra (a) and Tauc´s plots (b) of BiIO4(4), BiIO4(24), BiIO4(48) and BiIO4(72) 

The obtained values of Eg for the samples BiIO4(4) and BiIO4(24) are the same as that obtained for P25 and 
indicate the photocatalytic activity could be activated with irradiation having the wavelength ≤ 387 nm. The Eg 
values obtained for the samples BiIO4(48) and BiIO4(72) reached slightly lower values and the photocatalytic 
properties of both materials could be activated with UV irradiation having the wavelength ≤ 391 nm. The Eg 
values obtained for the synthesized samples were higher than that (2.94 eV) published by Huang et al [11]. 

The SEM images of the samples BiIO4(4) and BiIO4(72) obtained using SEM operated in a back scattered 
electron mode are shown in Figure 3. The BiIO4(4) sample (Figure 3a) occurred as fluffy aggregates of very 
fine particles contrary to the aggregates of particles of the BiIO4(72) sample which appeared as needles and 
also small plates which is evident from Figure 3b. The bigger particle size was evidenced for the sample 
BiIO4(72) (see Figure 3b). Growing intensity of the diffraction peaks (0 X 0) with the duration of the 
hydrothermal synthesis was identified by the XRPD method (Figure 1) and correlates with the observations 
achieved by the SEM method where the needle like shaped particles were observed. 

 

Figure 3 SEM images of BiIO4(4) (a) and BiIO4(72) (b) samples 

The UV induced photodegradation activity of the prepared samples against AO7 is graphically presented in 
Figure 4 and in the same figure it is compared with the photodegradation activity of TiO2. 
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Figure 4 Photodegradation bars of AO7 for BiIO4(4), BiIO4(24), BiIO4(48), BiIO4(72) and TiO2 

Figure 4 indicates that more than 70 % of AO7 was degraded with the samples BiIO4(4) and BiIO4(24) after 
1 h of irradiation. Approximately 60 % of AO7 was degraded with BiIO4(48) and BiIO4(72) and only 50 % 
of AO7 was degraded with TiO2 after 1 h of irradiation. After 2 h of irradiation approximately 90 % of AO7 was 
photodegraded in case of the samples BiIO4(4) and BiIO4(24). Less than 80 % of AO7 was removed with the 
samples BiIO4(48), BiIO4(72) and TiO2. Looking at the Table 1 there is the correlation between crystallite size, 
SSA and the photodegradation activity of BiIO4 samples: the lower the value of LD, was the higher the value 
of SSA was and the photodegradation activity increased. The results pictured in Figure 4 indicate the BiIO4(4) 
and BiIO4(24) samples as perspective photocatalysts for the photocatalytic degradation of azo dyes. 

4. CONCLUSION 

The samples of BiIO4 were successfully prepared using the hydrothermal synthesis of the aqueous solutions 
of Bi(NO3)3·5H2O and I2O5. It was observed that the different synthesis time had the effect on the structure, 
texture, morphology and photodegradation activity of the resulting samples. The results of photodegradation 
experiments indicated the samples synthesized for 4 and 24h were of the best photocatalytic degradation 
efficiency of AO7 reaching approximately 90 % after 2 h of UV irradiation. It is obviously higher than the 
performance of TiO2 of which the extent of AO7 degradation reached 71 %.  

Bismuth iodates are promising nanomaterials for photocatalytic applications and further research will be 
focused on shifting their photodegradation activity towards visible region by preparing nanocomposites with g-
C3N4. The photocatalytic activity of both BiIO4 and its nanocomposites with g-C3N4 will be also tested for 
degradation of various substances. 
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Abstract  

The surface of the polyester nonwoven fabric was covered with a layer of silver and copper-based 
nanoparticles obtained from their salts and reduced using tannic acid. Polyester nonwoven MILIFE® without 
surface modification was used as a carrier of the metallic layer. The repetitive technological steps of preparing 
the conductive layer led to an increase of color intensity of fabric with bronzing effect, which also manifested 
in their decreased electric resistance. Simultaneously, all the samples were tested for resistance to selected 
G+ and G- bacteria. 

Keywords: Tannic acid, silver, copper oxide, nanoparticles, electric resistance, antibacterial 

1. INTRODUCTION 

With the development and miniaturization of electronics, textiles are at the forefront of developers' interest due 
to their flexibility, breathability, comfort, low weight and considerable mechanical resistance. At the same time, 
the connection to electronics shifts the textiles to a qualitatively higher level. Therefore, in recent years, 
considerable attention has been paid to the electrical properties of textiles. 

Most of the textiles act as very strong natural insulators. Electrically conductive fabrics can be made in several 
ways. Generally, conductive fabrics can be prepared by two methods. Firstly, conductive materials (e.g. metal 
nanoparticles, carbon nanotubes, graphene, conductive polymers) are added during the spinning process to 
obtain conductive fibers, and the fibers are then woven into conductive fabrics. [1,2] The disadvantage and 
limitation of this procedure are reduction of fiber spinnability, flexibility and many other mechanical properties. 
The second method of preparation of a conductive fabric is an additional covering of the fabric surface using 
above-mentioned conductive materials or their composites. [3] The disadvantages of this process are, for 
example, the unevenness of the conductive layer, the reduction of the breathability of the fabric, and the 
danger of exfoliation and delamination of the coating. Despite these risks, the second procedure is 
technologically simpler and cheaper. 

One of the possible and sustainable paths of the development of new methods and technologies for eco-
friendly advancements in preparation of conductive textiles is to use the green chemistry, particularly, its 
application in the deposition of metallic layers and reduction of metal nanoparticles on the surface of the fibers. 
Reduction of metal salts by plant derived compound like tannins fulfil the requirement of a chemical reductant. 
Hence, it renders the characteristics of green synthesis. Tannins as natural reductants (antioxidants) have 
potential to reduce some of their salts, which has been experimentally proven in the past research studies. 
Tannic acid has been used experimentally in the past for example to prepare nanoparticles of silver, gold, 
palladium and zinc. [4] Also, bimetallic nanoparticles such as Au-Pt were prepared using tannic acid. [5] 

In this work, the bath method has been used for metal nanolayer coating of fibers surface when metal salts 
were reduced by natural reducing agent (tannic acid) in an alkaline environment. Thus, two aspects 
of polyester nonwoven with nanometallic layer were investigated, namely electrical resistivity and the ability to 
resist the action of selected G- and G+ bacteria (Escherichia coli and Staphylococcus epidermidis). 
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1.1. Mechanism of interaction of tannic acid with metal salts 

Tannic acid is rich in electrons and embodies the capability of liberating freely reactive hydrogen atom. 
Presence of a hydrophobic “core,” a hydrophilic “shell,” and above all the polyphenolic nature of tannic acid 
make it an effective reducing agent. Numerous polyphenols bear antioxidant nature owing to the relative 
facileness of donating hydroxyl group to a free radical and the potency of the aromatic ring to carry an unpaired 
electron. Carboxylic acid groups (COOH) present in the tannic acid lose their hydrogen atom to become 
carboxylate ion (COO-) during the reduction process. The COO- so formed attaches to the surface of metal 
nanoparticles along with the remaining part of the polymer to act as surfactant and stabilize metal 
nanoparticles. [6] 

1.2. Antibacterial properties of metal nanoparticles 

Silver nanoparticles and nanoparticles of copper or copper oxides have been examined many times as 
biocides. The mechanism how nanoparticles can penetrate bacteria is not understood completely but studies 
have suggested that when bacteria are treated with copper nanoparticles, changes take place in its cell 
membrane morphology. Copper ions have the capacity to kill bacteria by destroying their cell walls and 
membranes because they have a strong reduction ability, which can extract electrons from the bacteria, 
causing their cytoplasm to escape and oxidizing the cell nucleus. [7] The opposite charges of bacteria and 
copper ions released from nanoparticles are thought to cause adhesion and bioactivity due to electrostatic 
forces. Copper ions can combine with the plasma membrane by electrostatic attraction and then penetrate the 
cell membrane through opening or closing of membrane channels. This alters the permeability of cellular 
membranes, which causes leakage of intracellular ions and low molecular weight metabolites. At the same 
time, copper ions entering cells combine strongly with intracellular amino acids and proteases, resulting in 
degeneration that leads ultimately to denaturation of proteins. The overall charge of bacterial cells at biological 
pH-values is negative due to the excess of carboxylic groups present in the lipoproteins at the bacterial surface, 
which, upon dissociation, makes the cell surface negative. [8] Also, the actual bactericide mechanism of silver 
nanoparticles is not well known. Some researchers support the idea that silver species release Ag+ ions and 
they interact with the thiol groups in bacteria proteins, affecting the replication of DNA. It has also been reported 
that Ag+ ions uncouple the respiratory chain from oxidative phosphorylation or collapse the proton-motive 
force across the cytoplasmic membrane. [9]  

2. EXPERIMENTAL PART 

2.1. Material and chemicals 

Silver nitrate, copper sulfate pentahydrate, sodium hydroxide and sodium carbonate (all chemicals in analytical 
grade, Lach-Ner, Czech Rep.), tannic acid (Sigma Aldrich), thermally bonded polyester nonwoven MILIFE® 
of area weight 10 g/m2 and fiber diameter 20 μm (JX Nippon, Japan), TSA (tryptone-soya agar) in Petri dishes 
(Oxoid, Czech Rep.), Escherichia coli and Staphylococcus epidermidis in suspensions. 

2.2. Devices 

Digital insulation tester (Chauvin Arnoux CA 6543 1 kV Megohmmeter) was used to determine the electrical 
conductivity or electrical resistance of textile samples with metallic layers, and the values were compared with 
the value of MILIFE® without the nanometallic layer. The measurement was carried out 3 times in different 
areas of the samples, each fabric in 1, 2 and 4 layers lying on each other. The basic statistical analysis was 
carried out again. Scanning electron microscope (UHR SEM Ultra Plus, Carl Zeiss, Germany) was used to 
display and measure the metallic nanolayer on the fibre surface. 
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2.3. Antibacterial tests 

The ability to resist G- and G+ bacteria was based on standard [10] and tested using suspension of Escherichia 

coli and Staphylococcus epidermidis, each at a concentration of 106 CFU/ml. The test samples were placed 
on agar inoculated with the bacterial strain. Cultivation took 24 hours at 37 °C. Subsequently, the growth of the 
bacteria under the sample and the size of the inhibition zone around the sample were evaluated.  

Second antibacterial test was based on modified standard [11]. This dynamic shake flask test is designed to 
evaluate the antimicrobial activity of non-leaching, antimicrobial-treated specimens under dynamic contact 
conditions. Its first phase is the dynamic contact of the antimicrobial treated surface with a bacterial 
suspension. The contact of samples with bacterial suspension took 1 hour. In the subsequent phase, shaking 
of the textile samples in water is carried out, shake ratio of 1:50 (weight of the fabric in grams: volume of water 
in ml). These extracts were further diluted 100x and 1 ml of this eluate was plated on agar. After 24 hours at 
37 °C, colonies of bacteria were counted. This second test was provided with E. coli only. 

2.4. Preparation of samples 

The following stock solutions were prepared: tannic acid (3g/l), AgNO3 (2 g/l), CuSO4⋅5H2O (2 g/l), Na2CO3 (2 
g/l), NaOH (4 g/l). The CuSO4 solution was converted to Cu(OH)2 by addition of NaOH. The solutions of both 
metals were heated to 75 °C. A sample of the clean fabric MILIFE® was placed in an AgNO3 solution for 5 
minutes. Subsequently, it was gently dried and immersed into tannic acid solution for 1 minute and further 
alkalized by brief immersion in Na2CO3 solution. Since 2-3 repetitions were not sufficient to create a conductive 
layer on the surface of the fabric, this procedure was repeated 8 times until the visual effect of the so-called 
„bronzing“ (change in the color of the surface giving the appearance of aged bronze). This is a condition where 
multiple metallic layers with a typical optical effect are formed on the fabric surface. Preparation of the copper 
nanolayer on the fabric was carried out similarly but without additional alkalization of Na2CO3. The procedure 
was repeated 8 times, too. 

3. RESULTS AND DISCUSSION 

3.1. SEM images 

Figure 1 and Figure 2 show the structure of the metallic layers formed on the surface of the PES fibers by the 
process of repeated application of metal ions from the solution and reduction by tannic acid.  

  

      Figure 1 Copper-based nanolayer (10 000x)        Figure 2 Bronzing silver (multi) nanolayer (500x) 
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In Figure 1, the amorphous particles are visible, but it can hardly be recognized whether they are copper 
particles, copper oxide or copper tannates. The orange color indicates that it could be copper (I) oxide, but at 
the same time, it is impossible to recognize the cubic structure typical for spontaneous crystallization of Cu2O, 
even at high magnification. It is very likely that a mixture of oxides and copper tannates is present. Figure 2 
confirms that the cause of the optical bronzing effect was actually the presence of multiple metallic layers 
of reduced silver. This layer was not homogeneous, and its disadvantage would therefore be that it would be 
delaminated and exfoliated under mechanical abrasion. 

3.2. Electrical resistance 

Table 1 contains an overview of measuring the electrical resistivity of the samples in a simple, double and 
quadruple-layer fabric to each other. The measurement was performed at a set value of 500 V. It is obvious 
that the resistivity decreased with the number of multiple layers because of increased conductivity due to a 
growing number of contacts fibers with metallic layers. Silver layer values show much better conductivity 
compared to copper-based coating. This result supports the assumption that, in the case of copper, a layer 
of Cu2O was formed on the surface of PES fibers. In general, the oxides are non-conductive as they have a 
full valence band. Copper (I) oxide does not complete the valence rings and this is a metal deficient semi-
conductor. Cu2O is known to have a high electrical resistivity which varies with the method of preparation. [12] 
Whereas the resistivity of the carrier fabric was in the hundreds of GΩ, the fabric with copper-based layer had 
an electric resistivity of 1-2 orders of magnitude lower and the fabric with silver surface of 4 orders 
of magnitude lower compared to the non-metallic fabric. 

Table 1 Mean values and 95 % confidence intervals of means for electric resistivity of samples 

 MILIFE® (blank) MILIFE® (copper) MILIFE® (silver) 

1 layer 450 ± 25.1 GΩ 28.5 ± 8.6 GΩ 117 ± 14.1 MΩ 

2 layers 470 ± 32.2 GΩ 14.2 ± 4.8 GΩ 36 ± 5.6 MΩ 

4 layers 550 ± 37.4 GΩ   7.7 ± 1.9 GΩ  25 ± 0.9 MΩ 

3.3. Antibacterial properties  

Figures 3a and b show the resulting interaction of samples with bacteria after 24 hours of cultivation. The 
samples are placed from left to right in the order of: MILIFE® (blank), MILIFE® with copper and MILIFE® with 
silver. Samples without surface treatment are completely covered by bacteria in both cases, the copper sample 
having about 1 mm zone of resistance. The best antibacterial effect shows the silver sample. Bacteria have 
not grown under it and, in the case of E. coli, a significant halo zone of 2.5 mm is visible. 

 

Figure 3a Samples on agar plates with Staphylococcus epidermidis, bacteria 106 CFU/ml 
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Figure 3b Samples on agar plates with Escherichia coli, both bacteria 106 CFU/ml 

Dynamic shake flask test (Figure 4) provided some surprising results. The number of colonies in the resulting 
diluted eluates was 310 (blank), 470 (copper), 24 (silver) CFU/ml. A similar result, when the number of colonies 
from the copper sample exceeded the number of colonies from the blank, was reached even with repeated 
tests. One explanation for the cause could be that the layer did not contain copper or copper oxide, but rather 
a complex copper tannate whose antibacterial effects were not sufficient. The rugged surface of copper-based 
nanolayer was the reason that they caught larger number of bacteria than untreated samples.  

 

Figure 4 Cultivation of 100 times diluted eluates following dynamic contact with Escherichia coli  

(106 CFU/ml). From left to right: leach samples of MILIFE® (blank), MILIFE® (copper) and MILIFE® (silver) 

In any case, even in this test, excellent antibacterial properties of silver nanoparticles were confirmed again, 
as the eluate from the silver surface sample was almost sterile. 

4. CONCLUSION 

In this work, we studied the preparation of metallic nanolayers on the surface of polyester nonwoven MILIFE® 
via green chemistry and the verification of the antibacterial and electrical properties of these samples. Thanks 
to the silver layer, MILIFE® obtained up to 10,000 times lower electrical resistivity than the original untreated 
fabric. Resistivity has decreased in the electrical measurement of multiple layers of fabric by creating a plurality 
of conductive joints. However, to achieve significant conductivity, it was necessary to repeat the application 
process and reduction of silver on the surface of the fibers up to eight times, but this resulted in non-
homogeneous coating and formation of multiple metallic layers and plates, which optically manifested itself in 
the so-called bronzing. On the other hand, the simple layer of silver fabric also exhibited good antibacterial 
properties, especially against G- bacteria Escherichia coli. To prepare a copper-based conductive layer, a 
different procedure must be chosen because the layer resulting from the tannic acid reduction appears to have 
a high resistivity due to content of copper (I) oxide. The process of preparing the silver layer by means of green 
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chemistry is promising. However, it is necessary to develop a process for production a homogeneous silver 
layer on the surface of the fibers. 
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Abstract 

Diamond thin films and nanodiamond particles are considered promising for addressing the long-term 
challenge of organic photovoltaics: efficiency and stability. In this work, we characterize stability of surface 
potential and photovoltage on polyfunctional detonation nanodiamonds merged with polypyrrole oligomers. 
The polyfunctional-detonation nanodiamond (poly-DND), polypyrrole (PPy), and poly-DND/PPy composites 
were prepared on p-type silicon wafer substrates. In order to investigate illumination induced effects, surface 
potential and photovoltage of the samples were characterized by macroscopic Kelvin Probe method as a 
function of time. The poly-DND/PPy composite exhibits better stability of surface potential and surface 
photovoltage in short-term as well as in long-term (up to 8 weeks) compared to individual materials. The 
nanodiamond composites thus appear advantageous for use in organic photovoltaics.  

Keywords: Diamond, nanoparticles, polypyrrole, scanning Kelvin probe 

1. INTRODUCTION 

Organic-based photovoltaic (OPV) devices are not so much limited in output under low-light or diffuse light 
conditions compared with silicon PV modules. OPV production and installation is also easy on large areas and 
in various shapes as they can be made on polymer foils. However, the main drawback of OPV is their long-
term instability due to various chemical degradation processes and susceptibility to humidity. Many solutions 
including non-fullerene inorganic acceptors are being investigated. Diamond may provide interesting 
properties in this respect. The diamond interface with polypyrrole (PPy) was already shown to promote exciton 
generation and dissociation [1]. This property of the hybrid diamond/PPy composite may be thus beneficial to 
generate free charge. For this purpose it may be beneficial to use diamond in form of nanoparticles, so called 
nanodiamonds, which are commercially available in large quantities. Similarly as bulk diamond, nanodiamonds 
are reported as non-toxic [2,3] and generally chemically stable [4]. Synthesis process and structural 
interactions in nanodiamond/PPy composite were recently reported in our previous article [5]. In this work, 
opto-electronic properties of such composite are studied by Kelvin Probe. We present time-resolved 
measurements [6] of surface potential in dark and under illumination and we assess how stable the 
photovoltage of the nanodiamond-dye composite is compared with individual materials. 

2. MATERIALS AND METHODS 

We employed commercially available polyfunctional detonation nanodiamonds (NanoAmando) with oxygen 
and hydrogen surface chemical groups (poly-DND). The poly-DND particles, polypyrrole (PPy), or poly-
DND/PPy composite were deposited on p-type silicon wafers according to the established protocol [5]. Briefly, 
the substrates were covered with poly-DND particles using 1 hour ultrasonication in aqueous colloidal poly-
DND solution with concentration of 20 mg/mL [7] and then rinsed with deionized water. The process leads to 
a dense coverage by poly-DND [5]. The substrate with poly-DND layer was immersed in Py monomer solution 
(98 %) for 1 hour in dark to adsorb Py monomers on the nanodiamonds. The substrate with adsorbed Py was 
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immersed into HCl acid (0.3 M) for 16 hours under indoor illumination to induce polymerization. Finally, the 
sample was taken out, rinsed with deionized water, and blown dry with nitrogen. 

Scanning Kelvin probe (SKP) method was used to determine the surface potentials [6,8] of the samples in 
dark and under illumination with light intensity of about 200 W/m2 (white cold light source with halogen lamp). 
SKP setup is shown in Figure 1 (a). Figure 1 (b) is the detailed photograph of the sample in Kelvin probe 
setup. Measurement of each sample was conducted with a gold-plated tip electrode of 2 mm in diameter. The 
surface potential was detected at similar location on the sample in each measurement. At first, we measured 
surface potential in dark and waiting till it was stable for 100 seconds. Then we turned the light on quickly 
within 5 seconds and kept measuring the potential for 100 seconds. The procedure was continuously repeated 
during 12 min. Finally the measurement was stopped in the dark. Then the surface photovoltage was 
calculated from the surface potential data. 

 
Figure 1 (a) Photograph of Scanning Kelvin probe setup. (b) Detailed photograph of the sample in Kelvin 
probe setup. (c) The scheme of macroscopic Scanning Kelvin Probe measurement with poly-DND/PPy 

composite. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the results of surface potential (SP) measurement in the short-term. We can see that all 
surface potentials are stable (within 6 mV of standard deviation) and regularly reproducible during light 
switching in each measurement. Thus we averaged the whole surface potential measurement data in dark and 
under illumination for each material. The averaged surface potential with standard deviation in dark and under 
illumination was: pSi (-101 ± 6 mV and -272 ± 5 mV), PPy (-189 ± 3 mV and -311 ± 5 mV), poly-DND (-34 ± 4 
mV and -230 ± 6 mV), and poly-DND/PPy composite (-202 ± 4 mV and -69 ± 3 mV). 
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Figure 2 Surface potential of pSi, PPy, poly-DND, poly-DND/PPy as a function of time and visible light 
illumination in the short-term (0 - 12 min). The potential profiles correspond to measurements after 7 weeks. 

The inset shows that the rise and fall edges when illumination changes. 

 
Figure 3 Average value of surface potential in dark and under illumination plotted as a function of time for 

the long-term stability evaluation 

Then we repeated the short-term measurements every week for 8 subsequent weeks to investigate the long-
term stability. Shape of the short-term profiles with the fast rise and fall edges was the same for the whole 8 
weeks. Thus we averaged Kelvin Probe data in dark and under illumination each week. The averaged potential 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

167 

in dark and under illumination is plotted in Figure 3. Standard deviation of the average value is used as the 
error bar. We can see that in the long-term (during 8 weeks), the potentials in dark and under illumination are 
slowly fluctuating. The potential fluctuations are qualitatively very similar for all the studied materials, hence 
they are most likely related with some external factors. 

The surface potentials exhibit similar fluctuation in dark and under illumination. Evaluation of surface 
photovoltage was thus use to observe actual material (in)stability in spite of the overall potential fluctuations. 
In Figure 4 (a) presents surface photovoltage (SPV) that was calculated as (SPillumination - SPdark) each week 
for 8 weeks. 

SPV exhibits the most pronounced changes during the first 3 weeks (area I), than during the remaining 6 
weeks it seems fluctuating around a stabilized value (area II). To characterize this (in)stability, we calculated 
average SPV and its standard deviation in each area (values at the boundary were accounted for in both 
areas). The averaged SPV values with standard deviation in area I and area II are: pSi (-85 ± 33 mV and -91 
± 59mV), PPy (-281 ± 155 mV and -166 ± 55 mV), poly-DND (-182 ± 90 mV and -137 ± 30 mV), and poly-
DND/PPy (95 ± 33 mV and 124 ± 22 mV). 

Figure 4 (b) shows in the form of bar graph the standard deviation as a measure of SPV (in)stability. We can 
see the standard deviation difference of the averaged SPV between area I and area II on pSi (33 mV and 59 
mV), PPy (155 mV and 55 mV), poly-DND (90 mV and 30 mV), and poly-DND/PPy (33 mV and 22 mV). The 
minimum standard deviation is observed on poly-DND/PPy composite during the whole 8 weeks. 

 
Figure 4 (a) Surface photovoltage (SPV) of all the materials for 8 weeks. Area I is defined as initial stability 

and area II as long-term stability. (b) The standard deviation of the averaged SPV value. 

Thus the SPV of the poly-DND/PPy composite was the most stable from the very beginning after fabrication 
till the last measurement after 8 weeks. The material interaction in poly-DND/PPy composites thus contributes 
to photovoltage stability [6,9]. Note in this respect that surface photovoltage of of poly-DND/PPy composite 
has opposite (positive) sign compared the SP of pSi, PPy and poly-DND. Such positive charging of the surface, 
i.e. polypyrrole, is in agreement with theoretical atomic scale calculations [10] and indicates role 
of nanodiamonds as electron acceptors. This effect together with polypyrrole tight binding to nanodiamond 
may explain the improved stability of the composite. 

4. CONCLUSION 

In the range of minutes, surface potential (SP) under dark and illumination was stable and well reproducible 
for all the materials. In the long-term (weeks), the surface potentials of all materials were slowly fluctuating in 
similar way, most likely due to external factors. The generated photovoltage revealed actual material stability. 
The photovoltage was the most stable in the case of the poly-DND/PPy composite compared with individual 
materials. The improved stability is most likely due to the tight material interaction in poly-DND/PPy composites 
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and nanodiamond acting as an electron acceptor. Nanodiamond composites may be thus advantageous for 
improving organic photovoltaics. 
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Abstract  

In recent years atomic layer deposition has proved to be a successful method of fabrication and modification 
of electrodes for lithium-ion batteries and thin film power sources. Tin oxide demonstrated considerable 
excellence over currently used materials for thin film batteries anodes, however, lithiated tin oxides are 
expected to show even better performance. In this research nanofilms of LiOx, SnO2 and lithiated tin oxide 
were deposited by atomic layer deposition (ALD) using lithium hexamethyldisilylazide (LiN[Si(CH3)2]2, 
LiHMDS), tetraethyl tin (Sn(C2H5)4, TET) as the metal-containing reagents and water or ozone or oxygen 
plasma as co-reagents. The monocrystalline silicon (100) and stainless steel (316SS) were used as supports. 
The thickness of the films was measured with spectral ellipsometry. The composition was studied by X-ray 
photoelectron spectroscopy and time-of-flight secondary ion mass spectrometry. Regardless of the type of co-
reagent, the resulting films are unstable under long-term storage in air, but their stability is significantly 
improved by ALD of aluminum oxide with a thickness of several nanometers. The optimal temperature range 
was about 250-300 °C for deposition of lithium oxide, tin oxide, and lithium-tin oxide nanofilms. It was observed 
the remarkable influence of the type of co-reactant on the properties of the prepared nanofilms.  

Keywords: Li-ion batteries, lithium oxide, anodes, lithiated tin oxide, thin film electrodes, atomic layer  
        deposition 

1. INTRODUCTION 

Development of new materials for high-performance power sources is one of the most actual tasks for modern 
material science. Li-ion batteries (LIBs) are the most successful and perspective type of power sources which 
are actively used in hybrid electric vehicles and portable electronics [1,2]. Nowadays one of the most promising 
and interesting trends in the development of materials for lithium-ion batteries is thin film technologies [3,4]. 
Thin film power sources are the most progressive and sometimes the only possible ones for nanodevices such 
as smart cards, microchips with integrated power supplies, for various portable devices, medical implants and 
etc. [5,6]. To create such nanodevices, it is necessary to develop a reliable and successful technology for their 
production. In this case, the most significant is the method of producing thin-film electrodes.  

Among the variety of methods it should be noted the atomic layer deposition (ALD) which is actively used in 
microelectronics [7,8] and also has broad prospects for producing of catalysts [9], biomaterials [10], 
photovoltaic devices [11] etc. ALD deserves specific attention due to its unique features, such as good 
conformity and absence of pinholes and defects, high precision of thickness and composition controllability 
and a capability to deposit high-quality coating both on planar, high aspect ratio and complex 3-dimensional 
substrates [12,13]. The ALD is based on a sequence of chemical reactions of gaseous reagents with the 
substrate surface separated in time by inert gas purges, which makes the self-limited growth of the films is 
possible [12,13]. Due to this features the ALD is ideal for preparation of thin film electrodes [14]. Today tin 
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oxide thin film anodes are regarded as the most perspective for LIBs due to safety, cycleability and specific 
charge capacity (theoretically - 1491 mAh/g) [15-17]. But lithiated tin oxide probably is more perspective due 
to its better stability during many charge/discharge cycles [18,19]. 

In this work, we are studying the processes of ALD lithium oxide, tin oxide and lithium-tin oxide prepared using 
lithium hexamethyldisilylazide (LiHMDS), tetraethyl tin (TET) as the metal-containing reagents and water or 
ozone or oxygen plasma as co-reagents and also, we are trying to find the optimal parameters for ALD 
of lithium oxide and lithium-tin oxide thin films. 

2. MATERIALS AND METHODS 

Monocrystalline silicon (100) substrates (20х20 mm) and 316SS stainless steel plates, 16 mm in diameter 
were used as support for tin oxide, lithium oxide and lithium-tin oxide deposition. Before deposition silicon and 
stainless-steel supports were cleaned in an ultrasonic bath in acetone and deionized water for 10 min. After 
that, the substrates were dried in the inert gas atmosphere. 

Atomic layer deposition was carried out with commercial “Picosun R-150” setup. Tetraethyltin (Sn(C2H5)4 - 
TET) and remote oxygen plasma were used for tin oxide deposition. The more detailed the procedure is 
described in [20]. For lithium oxide ALD lithium hexadimethyldisilazide (LiN[(CH3)3Si]2 - LiHMDS) and different 
co-reagent (ozone, water and remote oxygen plasma) were used. The power of plasma was 2500-3000 W. To 
find optimal regimes for deposition we varied the reactor temperature in the range of 250-300 °C. Stabilization 
of lithium oxide was carried out by additional of Al2O3 ALD coating (50 cycles) using trimethylaluminium (TMA) 
and water. All depositions were performed as follows. After pulsing of reagent (TET - 0.1s, LiHMDS - 0.1s, 
TMA - 0.1s) precursor had been injected for a certain pulse time, the excess of the precursor was purged (4-
6s) with nitrogen (99.999 %) before the counter-reactant was introduced. Pulse times for co-reagents were 
H2O - 0.1s, ozone - 4s, oxygen plasma - 10s. The temperatures of reagent containers were TET - 65 oC, 
LiHMDS - 150 oC, TMA-25 oC. 

The thickness of the films was determined by spectral ellipsometry (SE) and Scanning Electron Microscopy 
(SEM). The ellipsometry setup “Ellips-1891 SAG” (Novosibirsk, the Russian Federation) ensured the accuracy 
in measuring the thickness equal to 0.3 nm. The measurements were carried out at 5-9 points of the support 
surface. Scanning electron microphotographs (SEM) showing plan-views and cross-sectional views were 
obtained using the SEM Zeiss Merlin. The microscope spatial resolution was around 1 nm. X-ray photoelectron 
spectra (XPS) were registered with a “Thermo Fisher Scientific Escalab 250Xi” spectrometer. The samples 
were excited by Al Kα (1486.7 eV) X-rays in the vacuum of 7×10-8 Pa. The binding energy scale was referenced 
using the C1s carbon line (284.8 eV). The depth profiles of elemental concentrations were examined by time-
of-flight - secondary ion mass spectroscopy (TOF.SIMS 5 instrument, ION-TOF GmbH, Germany). Depth 
profiles of the elements were recorded in dynamic SIMS mode using the primary ion gun (Bi+ at 30 keV energy 
and 3.1 pA measured sample current, area 70x70 µm) for analysis and Cs (0.5 keV, area 120x120 µm) for 
sputtering. Both positive and negative ion regimes were used. 

3. RESULTS AND DISCUSSION 

The initial results showed that films of lithium oxide obtained using water were hydrolyzed very quickly when 
stored in air condition (discoloration and the presence of a significant gradient of thickness after 1 day 
of storage). The samples deposited using of plasma and ozone was less prone to hydrolysis. However, they 
also hydrolyzed during prolonged storage in air. In this regard, the samples of lithium oxide were future 
deposited using ozone, water and oxygen plasma as co-reactants and stabilized with alumina. To this end, 
immediately after the synthesis, films were coated by ALD with aluminum oxide using trimethylaluminum and 
water (Table 1). 
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Table 1 Characteristics of the samples 

Short name Reagents 
Temperature 

(°C) 

Number of 
cycles 

Passivation 
(number of 

cycles) 

Thickness, 
nm 

Growth per 
cycle (nm) 

Li-O3-300 LiHMDS+ozone 300 500 Al2O3 (50) 26.5±0.8 0.048±0.001 

Li-H2O-250 LiHMDS+water 250 400 Al2O3 (50) 290±25 0.64±0.06 

Li-H2O-300 LiHMDS+water 300 400 Al2O3 (50) 500±100 1,11±0.22 

Li-O2-250 LiHMDS+O2 plasma 250 400 Al2O3 (50) 165±25 0.37±0.06 

Li-O2-300 LiHMDS+O2 plasma 300 400 Al2O3 (50) 70±22 0.16±0.05 

Li-O3-Sn-1-1 LiHMDS+O3+TET+O3 300 (1+1)*500 no 28±0.8 0.028±0.001 

Li-H2O-Sn-1-3 LiHMDS+H2O+TET+O2 
plasma 250 (1+3)*200 no 67±5 0.084±0.006 

Li-O2-Sn-1-3 LiHMDS+O2 plasma 
+TET+O2 plasma 300 (1+3)*380 no 170±25 0.11±0.02 

The samples obtained using H2O showed a growth rate of more than 1 nm (Table 1), which is much larger 
than the thickness of the monolayer. In addition, they are quickly hydrolyzed in the air, forming crystals 
(presumably lithium hydroxide) despite the stabilization of the surface with Al2O3 (Figure 1a, c). The use of O2 
plasma and O3 at 300 °C gives a growth per cycle of 0.16 and 0.048 nm, respectively. These samples are less 
prone to hydrolysis (Figure 1b, d). Uncontrolled growth of films deposited with LiHMDS and H2O was observed 
earlier [21]. It appears that the use of water leads to uncontrolled growth due to the reservoir effect, where the 
bulk of the film absorbs water providing a large supply of hydroxide groups in addition to the self-limiting 
surface reaction. Any LiOH thereby formed in the bulk of the film may react with the subsequent pulses 
of LiHMDS leading to a growth rather limited by the thickness of the deposited film [21]. 

 

Figure 1 SEM profile and in-plane images of the films prepared by ALD at 300 °С using LiHMDS and water - 
a), c), or O2 plasma as co-reagents - b), d). 

The films of tin oxide were deposited using TET and oxygen plasma. A detailed description of the process was 
described earlier [20, 22]. Despite the fact that it is possible to obtain films at low temperatures (up to 200 °C) 
[23], the temperature range 250-300 °C is the optimal [20]. The use of this temperature range is applicable to 
the deposition of tin oxide using ozone and oxygen plasma [20]. A similar temperature range is also applicable 
to lithium oxide. Thus, the range of 250-300 °C is optimal for the deposition of lithium-tin oxides. 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

172 

Then we obtained thin films of complex oxides using the sequential pulses of LiHMDS+O3+TET+O3. This 
sequence represents one supercycle ALD. The number of supercycles was 500. The XPS data showed that 
only Li, O and C are present on the surface of the samples. Moreover, Sn is either absent or its concentration 
is much less than 1 %.  

In connection with this fact, for further work, we increased the number of TET pulses, and also oxygen plasma 
was used as a co-reagent, which is more active then ozone. The samples were obtained using supercycles: 
LiHMDS+H2O+(TET+O2 plasma)*3 - sample Li-H2O-Sn-1-3 and LiHMDS+O2 plasma+(TET+O2 plasma)*3 - 
sample Li-O2-Sn-1-3. According to XPS, these samples contained Sn on the surface, but its atomic 
concentration does not exceed 1 % (Figure 2a). In the bulk of the film, the Sn concentration exceeds 4 at. % 
(Figure 2b), however, the concentration of Si (> at. 12 %) is significantly increased. The presence of silicon in 
the films was observed earlier and is associated with the low reactivity of silicon containing a precursor 
(LiHMDS) under the ongoing ALD reactions [24,25]. 

 

Figure 2 XPS survey spectra of the sample Li-H2O-Sn-1-3 before - a) and after ion-etching - b) 

TOF-SIMS study of lithium oxides coated with aluminum oxide revealed that aluminium is presented 
presumably on the surface. Secondary ions were detected both in the form of AlO+, and LiAl+, LiAlO2+ 
(Figure 3a). Thus, aluminum on the surface is present both in the form of an oxide (Al2O3) and as a complex 
oxide (LiAlO2). However, the concentration of aluminum on the surface is a very small. The concentration 
of silicon in the surface layer is much lower than in the bulk of the film. Probably, the source of silicon in the 
bulk is the incompletely reacted precursor (LiHMDS) [24,25]. 

 

Figure 3 TOF-SIMS profiles of the samples Li-O2-300 - a) and Li-H2O-Sn-1-3 - b) 
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TOF-SIMS study of lithium-tin oxides revealed that tin concentration is very low, especially on the surface 
(Figure 3b). This result is in good agreement with the XPS data. In the sub-surface layer, the concentration 
of Li2Sn+ and LiSnO+, as well as of Si+, increases, while LiSnO2+, LiSn+ practically does not change. The XPS 
and TOF-SIMS data show that the coating contains a lot of silicon but little nitrogen and carbon, which could 
also remain in the coating from the precursor. In addition, it can be assumed that lithium, silicon and tin form 
a mixture of complex oxides and the sub-surface layer rather thick (about 10 nm) and significantly different in 
composition from bulk. 

4. CONCLUSION 

Nanofilms of lithium oxide, tin oxide and lithiated tin oxide were successfully deposited by ALD using lithium 
LiHMDS or/and TET as the precursors. It was revealed that lithium oxide is nonstable at storage in air 
conditions but can be stabilized by ALD alumina coatings. The lithiated tin oxide can be prepared by ALD using 
LiHMDS, TET and O2 plasma as co-reactant, but the resulting films have a relatively low concentration of tin 
(~4.3 at. %) and a remarkable concentration of silicon (>12 % at. %). Nevertheless, the results showed that 
the increase in the number of TET pulses in each supercycle of ALD can significantly increase the 
concentration of tin and probably lead to the producing of lithiated tin oxide which is promising material for 
high-performance Li-ion anodes. 
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Abstract 

Anodization is a simple and effective method to synthesize self-organized titanium dioxide nanotubes. But 
depending on the electrolyte used for anodization, there is a disorder “nano grass” or an “initiation layer” on 
top of the nano tubes. Additionally peeling off the nanotubes from substrate might happen during the 
anodization of titanium which is sputtered on the fluorine doped tin oxide (FTO). Removing this unwanted layer 
(without delamination), especially in high length TiO2 nanotubes could increase the photo electrochemical 
performance. Here we report a novel method to anodize the titanium layer homogenously and to produce open 
top nano tubes. Results show that the photo current density of samples will be increase up to 15 % after 
opening the top surface of nanotubes. 

Keywords: Open top TiO2 nano tubes, anodization, nano grass, initiation layer, sputtering 

1. INTRODUCTION 

Titanium dioxide (TiO2) is a well-known semiconductor for its photoelectrochemical properties and it is used 
for instance in perovskite solar cells (PSCs), dye sensitized solar cells (DSSCs) [1,2], water splitting [3] and 
photocatalysis [4]. One dimensional nanostructures such as nanotubes, provide a straight pathway for 
photogenerated electrons and could increase the efficiency of such devices [5]. Anodization is a simple method 
for producing self-organized TiO2 nanotubes. Fluoride contained electrolyte like HF or NH4F solution is 
necessary for growth of TiO2 nanotubes. However, in both cases long TiO2 nanotube films grown by these 
solutions are always covered by a grassy top layer [6] or initiation layer [7]. This disorder top layer can 
significantly reduce the efficiency of charge transfer [7-9]. Therefore, long TiO2 nanotubes with open and clean 
top surface are highly desirable for electron-transport applications such as solar water splitting, PSCs and/or 
DSSCs. In addition, in these applications it is desirable to illuminate TiO2 nanotubes from both back and front 
sides [5]. Therefore, growing TiO2 directly on a transparent conductive charge collecting layer such as fluorine 
doped tin oxide (FTO) by the electrochemical anodization of magnetron sputtered  titanium on FTO is highly 
favorable. Preparation of TNTs from the sputtered titanium films without peeling off requires homogenous 
anodization. 

In order to obtain the open top TiO2 nanotubes several approaches have been proposed, including producing 
different polymorph of TiO2 at the top and removing it after anodization [8], resistant layer technique [7] and 
multi-step anodization [10]. All these methods produce open-top TiO2 nanotubes. But all of these methods 
produce open top TiO2 nanotube layer which were grown on pure Ti or Ti alloy films. 

Here we proposed two step anodization with optimized conditions to remove the as-anodized disorder top 
layer easily and effectively in long length TiO2 nanotubes which were grown directly on FTO glass. These 
technique consist of growing a weak and non-sticky layer at top surface of nanotubes as sacrificial layer and 
then removing this layer by sonication. Furthermore, we proposed a simple technique to produce homogenous 
and highly adherent TiO2 nanotubes directly grown on FTO substrate. By using this technique, it is possible to 
synthesize TiO2 nanotubes with length up to 20 µm. 
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2. EXPERIMENTAL 

2.1. Deposition of Ti-Ta thin film on ultrasonically cleaned FTO 

The stainless steel plasma reactor used in this work is equipped with a 4 inch magnetron sputtering unit and 
a stepper motor controlled rotatory substrate holder with a heater. For the deposition of the titanium tantalum 
composite, a titanium 4 inch target of 99.99 % purity with a tantalum wire of diameter 0.05 mm at the center 
of the Ti target is fitted in the magnetron source. Ultrasonically cleaned (subsequently in acetone, ethanol and 
deionized water for 5 minutes each) and nitrogen dried FTO glass is used as substrates for titanium tantalum 
alloy film deposition. The plasma reactor is pumped down to the base pressure of 5×10-5 Pa by means of turbo 
molecular pump in combination with a rotary pump. A RF plasma cleaning of the FTO glass substrates is 
carried out at pressure 15 Pa in argon plasma (100 sccm) at -120 V self-bias by applying 13.56 MHz RF 50 
Watt. Afterwards, an adhesion treatment is performed by a separate plasma treatment in presence of forming 
gas (mixture hydrogen and nitrogen) and argon (flow 10 sccm each) at pressure 15 Pa and self-bias -120 V 
by applying RF 13.56 MHz power 45 Watt. Then, working pressure 0.2 Pa is achieved by introducing 15 sccm 
argon gas and controlling the gate valve. At the working pressure sputtering is carried out by pulsed DC power 
supply at frequency 50 kHz with duty cycle 50 %, power ~ 700 watt, discharge current ~ 630 mA and discharge 
voltage ~ 1120 V for 145 minutes without intentional substrate heating. 

2.2. TiO2 synthesize 

TiO2 nanotubes were synthesized at room temperature via electrochemical anodization. Figure 1 shows the 
setup that used for anodization. The thickness of sputtered layer varied from 2.2 µm up to 7 µm. Two different 
solutions were used as electrolyte. The first one was HF (0.2 M, Sigma Aldrich), ethylene glycol (Sigma Aldrich) 
and distilled water (4 wt. %) and the second one was NH4F (0.15 M, Sigma Aldrich), ethylene glycol (Sigma 
Aldrich) and distilled water (3 wt. %). The surface of the sample was connected to the positive terminal 
of power supply as anode and 1 cm2 platinum sheet with 1 mm thickness was connected to the negative 
terminal as the cathode. In case of HF electrolyte, the voltage was set to 120V (D.C.) and in case of NH4F 
electrolyte the voltage was set to 20V (D.C.) for the first step anodization (10 min) and 70V (D.C.) for second 
step anodization. The vertical distance between anode and cathode was kept constant in about 1.5 cm. In all 
cases the anodization continued until the consumption of all Ti-Ta layer. After anodization the samples was 
rinsed with ethanol and dried in nitrogen stream immediately. The samples was finally annealed at 450°C for 
3h in air atmosphere with heating and cooling rate of 2°C/min. 

 

Figure 1 Anodization setup 
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2.3. Sample characterization and measurement 

The morphology of the top surface and thickness of the TiO2 layer after anodization were measured using 
scanning electron microscope Hitachi SU6600 (Hitachi, Tokyo, Japan). The thickness of the films before 
anodization were measured with the help of profilometry. X-ray diffraction patterns were recorded at room 
temperature with an Empyrean (PANalytical, The Netherlands) diffractometer in the Bragg-Brentano geometry, 
Co-Kα radiation (40 kV, 30 mA, λ = 0.1789 nm). The photoelectrochemical data were collected using a standard 
three-electrode electrochemical cell with a Gamry Series G 300 Potentiostat (Warminster, PA, USA). The TiO2 
nanotubes served as working electrode (photoanode), the Ag/AgCl (3M KCl) as the reference electrode and 
the Pt wire was used as the counter electrode. A 150 W Xenon lamp coupled with an AM1.5G filter was used 
as a light source. The power intensity was kept at 1 sun (100 mW/cm2) which was calibrated through a silicon 
reference solar cell (Newport Corporation, Irvine, CA, USA). The photoelectrochemical behavior of the 
prepared electrodes was investigated by means of sweep voltammetry measurement in 1M NaOH electrolyte 
(pH= 13.5). 

3. RESULTS AND DISCUSSION 

Figure 2 shows the surface of samples anodized with HF and NH4F solutions. In samples anodized with HF 
solution, some nanograsses are obvious in the top surface of nanotubes. These nanograsses are formed due 
to etching of the walls of TiO2 nano tubes during long duration anodization [11]. The wall thickness of top part 
of nanotubes become too thin to withstand against their own weight and during drying they will bend and 
collapse. In the case of NH4F solution, at the initial step of anodization, a typical initial current spike is present 
that results in a compact oxide layer on the Ti surface according to a high field oxide formation mechanism [7]. 

 

Figure 2 SEM images of top view of samples anodized with a. HF solution (nanograss) and b. NH4F solution 
(initiation layer) 

 

Figure 3 Anodization protocol for samples with various initial thickness 
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To clean these disorder top layers, we proposed a protocol for anodization of sputtered Ti layer on FTO glass 
with thicknesses from 2.2 µm up to 7 µm (Figure 3). Since TiO2 easily dissolves in HF, for samples with initial 
Ti thickness more than 4 µm, the final thickness of TiO2 does not increase more than 10 µm. Therefore we 
find that in order to synthesize TiO2 nanotube with length more than 10 µm, it is better to use NH4F solution as 
electrolyte for anodization. 

For samples with thickness less than 4 µm, HF solution produce grassy top layer that can be removed by 
sonication in dilute HF solution in water for maximum 4 minutes (Figure 3). Removing the initiation layer is not 
as easy as in the case of nanograsses. Generally, double step anodization is an effective way to eliminate this 
layer. During the first step a sacrificial layer grows at the top and by second step, the main layer grows at the 
bottom. The initiation layer vanishes by removing the sacrificial layer with sonication in water for 4 min 
(Figure 4). 

 

Figure 4 Schematic of nano grass, sacrificial layer and initiation layer 

Figure 5 shows the top view of samples after surface treatment with open top nanotube. These open top 
nanotubes could increase the dye loading in case of dye sensitized solar cell applications. The maximum 
length of nanotubes that can produce with this technique is around 20 µm. 

 

Figure 5 SEM images of top view of samples after surface treatment with a. HF solution and b. NH4F 
solution 

Photocurrent measurements for sample with about 10 µm thickness before and after surface treatment are 
shown in Figure 6. Cleaning the top surface results in about 15 % increase in photocurrent at 0.6 V (from 40 
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µA/cm2 to 46 µA/cm2). The nano-grasses inhibit smooth electron transport in one direction and decrease the 
photocurrent by increasing the electron recombination [12]. 

 

Figure 6 Chopped light polarization curve for TiO2 nano tubes on FTO glass with open and disorder top, 
electrolyte 1M NaOH 

In order to anodize the Ti-Ta layer homogenously and without delamination, it is necessary to produce 
completely homogenous conditions for anodization in every parts of the sample. To keep the conditions 
constant it is necessary to change periodically the position of the cathode (sample) against the anode 
(platinum) during the anodization without changing the vertical distance between them. By changing the 
position, every unwanted effects due to inhomogeneity in surface and distance will be distribute in whole part 
of sample and production of a homogenous anodized surface will be guaranteed. Figure 7 shows the effect 
of changing the position of anode during anodization on the homogeneity of anodized sample. 

 

Figure 7 a. Heterogeneous and b. homogenous anodized sample 

4. CONCLUSION 

Producing open top and long length TiO2 nanotubes directly on FTO glass is a key factor to fabricate efficient 
devices like dye sensitized solar cells. In present work we used HF and NH4F solution to anodize Ti-Ta thin 
film directly sputtered on FTO. To open the top of synthesized nanotubes with HF solution, we used a simple 
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surface treatment including HF treatment and sonication in ultrasonic bath. Using NH4F solution results in 
initiation layer that could be removed by producing a sacrificial layer at the top of the samples and sonication. 
These surface treatments result in better photocurrent and will be promising for TiO2 nanotubes applications.   
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Abstract 

In this contribution, the deposition of tin oxide thin films and the resulting layer properties are investigated. An 
atmospheric pressure PECVD process using a non-thermal plasma jet was applied, creating the coatings on 
silicon and glass slides. For a highly reactive oxygen atmosphere, the plasma process was driven with air as 
working gas. The precursor substance tetra-n-butyltin was provided as an aerosol towards the active plasma 
zone and is further converted to form the ~100 nm thin layers. Structural, electrical and gas sensing properties 
were determined of the undoped SnOx layers, deposited at substrate temperatures between 20°C and 500°C. 

With increasing substrate temperature a decrease in film thickness and roughness of the films could be 
observed. In general, the films consists of a dense part near the substrate surface and a more porous structure 
on top. At 300 °C the lowest electrical resistivity with about 7.2 × 10-2 Ω⋅cm occurs in 4-point probe 
measurements. Experiments for the gas sensing characteristics revealed an electrical response to different 
atmospheres (water vapour, aqueous ammonia solution) already at elevated measuring temperatures 
of 150°C. Ammonia concentrations until 25 % were tested. The thin films are showing distinct properties in gas 
selectivity between the changing atmospheres, gas sensitivity during ammonia interaction as well as recurring 
reversibility after a surface recovery step with pressurized air. So, tin oxide coatings created by atmospheric 
pressure PECVD are showing already in its undoped state and without further layer post-treatments high 
application potential. 

Keywords: Atmospheric pressure PECVD, plasma jet, tin oxide, transparent conductive oxide (TCO), gas  
       sensor 

1. INTRODUCTION 

Semiconductors, including SnO2, TiO2, ZnO, WO3 and ZnS have been intensively investigated for diverse 
applications [1]. Tin oxide in form of polycrystalline SnO2 and amorphous SnOx and their various material 
properties are of high interest. Transparent highly conducting oxides are used as electrodes for electronic 
devices such as flat displays [2], solar cells [3] or gas sensors [4]. Moreover, such films can be deposited and 
applied in form of undoped, In-, F-, or Sb-doped SnO2 on a wide variety of substrates. Often used methods to 
create thin tin oxide films include physical vapor deposition (PVD) such as sputtering [5], chemical vapor 
deposition (CVD) [6], spray pyrolysis [7] and sol-gel technology [8]. Most PVD methods require high vacuum 
and will be performed in batch-processes but can be performed advantageously at low temperatures. The 
energy to pyrolyse tin precursors in CVD or spray pyrolysis methods is mostly provided by high substrate 
temperatures (> 500 °C). Hence, these methods are often inappropriate to deposit films on more temperature-
sensitive materials. Beneficial is the possibility to treat larger substrate areas under atmospheric pressure 
conditions (in-line ability). In this study an atmospheric pressure plasma jet (APPJ) working with pressurized 
air as process gas was used. Film properties were characterized in dependence of the applied substrate 
temperature (20 °C - 500 °C) during film deposition. An additional heat post-treatment was not implemented. 
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2. MATERIALS AND METHODS 

2.1. Film deposition 

Films were deposited on monocrystalline Si wafer pieces (Si-Mat Silicon Materials) and soda lime glass slides 
(VWR International), latter coated with a 20 nm thick silicon dioxide film (deposited by Pyrosil® procedure). 
These silicon dioxide films were created to prevent Na+-diffusion during substrate heating into the SnOx films. 
The tin-organic precursor tetra-butyl-tin(IV) (TBT) was used as starting substance for film deposition and was 
purchased from Sigma Aldrich in 98 % purity. This precursor was further diluted with isopropanol to a 
concentration of 50 % (v/v). Experimental setup, the atmospheric pressure plasma jet and detailed information 
on the film deposition process are described in previous publications [9]. Shortly: An APPJ based on the 
Plasma MEF (Tigres GmbH) technology was used. This jet system was driven with pressurized air as working 
gas and creates an electrically potential-free cold plasma (DC pulsed discharge). The nozzle of this plasma 
source was modified to spray liquids or liquid dispersed particulate materials into the active plasma discharge. 
TBT and the TBT/isopropanol mixture is liquid at room temperature, the corresponding flow rates were kept 
constant at 50 µl/min. Substrates were placed on a hot plate (temperature: 20 °C to 500 °C) fixed on a x-y-
table. This x-y-positioning system performed a meandering movement of the samples relatively to the plasma 
nozzle exit with a velocity of 100 mm/s. 30 successive runs were performed to create thin SnOx films. 

2.2. Characterization 

Films were extensively examined and results are presented in literature [9]. Supplementary results will be 
presented in the following sections with focus on gas sensing properties. The morphology of the deposited tin 
films were characterized by scanning electron microscopy (SEM) with a Supra 55 VP (Carl Zeiss NTS GmbH) 
using the in-lens detector and an operating voltage of 5 kV. Applying 4-point probe measurements using the 
Sheet Resistivity Meter SD-600 (Nagy Instruments) the sheet resistance was measured. To demonstrate the 
response of the deposited SnOx to oxidizing and reducing gases a custom-made test system was used (see 
Figure 1).  

    

Figure 1 Setup investigating the gas sensing properties: scheme (left) and the build test chamber (right) 

This setup is composed of a sealable glass cylinder (length = 250 mm, inner diameter = 130 mm) with a gas 
inlet and a gas outlet. Furthermore, a hot plate was used and placed inside the chamber. The samples (coated 
glass slides) were mounted on top of this hot plate and during the experiments the sample temperatures were 
controlled between 20 °C and 150 °C. In order to measure sheet resistance during the gas interaction four 
copper wires were mechanically fixed to the sample. Outside of the chamber the opposite parts of the wires 
were soldered to a board containing four copper stripes. 4-point probe measurements were conducted on top 
of these copper stripes every 30 s during the test procedure. During the experiment ammonia was used as 
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test gas. Therefore 10 ml aqueous ammonia solutions with different ammonia concentrations (1.56 %, 3.12 %, 
6.25 %, 12.5 %, 25.0 %) were filled in a bubbling system and heated up to 50 °C by use of a water bath. 
Pressurized air (flow rate 1.5 l/min) was used as carrier gas and directed through this bubbling system in order 
to transport gaseous ammonia into the test chamber. After each test run the sample surfaces were recovered 
using pressurized air (flow rate = 30 l/min) for 20 min. 

3. RESULTS 

3.1. Morphology 

Films deposited at optimized working conditions appear homogenously on Si and glass substrates and clear 
interference pattern can be observed. To demonstrate this, Figure 2 presents a coated stainless steel 
substrate. Furthermore, the related cross-sectional SEM investigation (SnOx on Si) is also shown in this figure. 
SEM investigations reveal that created films compose of a thin and dense layer close to the substrate and a 
more porous layer with an aligned columnar structure on top of it. A change from dense film growth to columnar 
film growth mechanism led to the formation of this structure. Such an effect is well-known in CVD processes: 
The formation of a thermal barrier film on a thermally conductive substrate could be a reason for this, whereby 
such thermal barrier lead to a modification in the heat flux toward the substrate [10].  

    

Figure 2 Stainless steel (size: 5 cm × 5 cm) coated with SnOx (left) and cross-sectional SEM image of SnOx 
coated silicon wafer (right); both at substrate temperature 300°C 

3.2. Electrical properties 

Figure 3 presents the calculated resistivities of SnOx thin films deposited on glass. By 4-point probe 
measurement no electrical conductivity could be determined (conductivity to low) for films deposited at 
substrate temperatures lower than 250 °C. Films produced at 300 °C substrate temperature show the lowest 
sheet resistivity (~ 0.07 Ω⋅cm) and therewith the highest electrical conductivity. With increasing the substrate 
temperature to 400 °C the sheet resistivity increases to ~ 0.25 Ω⋅cm and a further increase to 500 °C leads to 
~ 0.5 Ω⋅cm sheet resistivity. A commonly used method to create SnOx is spray pyrolysis. In literature reported 
values for the resistivity of undoped films ranges from ~ 0.008 Ω⋅cm to 0.7 Ω⋅cm [11, 12]. To obtain these low 
resistivities elevated substrate temperatures between 450 °C and 500 °C were necessary. Lowest resistivities 
obtained in our work were at substrate temperatures of 300 °C. Therewith a significant reduction of substrate 
temperatures down to 300 °C was possible and resistivities of SnOx films comparable to films deposited by 
spray pyrolysis using > 450 °C could be achieved. One reason for this improvement could be the creation of a 
reactive and oxygen-rich environment in the plasma and hence, a promotion of oxidation processes and the 
reduction of organic residuals within the films. 
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Figure 3 Electrical resistivity of plasma deposited SnOx thin films on glass as a function of substrate 
temperature 

3.3. Gas sensing 

The presented results in this chapter were obtained for films deposited using 400 °C substrate temperature. 
During the gas sensing measurements the films temperature was kept at 150 °C. Tests were also conducted 
at lower measuring temperatures, however, first changes of the sheet resistance during surface/ammonia-
interaction was monitored at 150 °C. These findings are in good accordance to literature data: surface 
temperatures of 200 °C were often necessary for SnO2 films [13]. Figure 4 shows the relative sheet resistance 
(Rammonia/Rair × 100 (%)) in dependence of time at different ammonia solution concentrations.  

 

Figure 4 Electrical response of SnOx films (TSub = 400 °C) to different atmospheres: Relative sheet 
resistance vs. time at ammonia-containing atmospheres and references [9]. 

The solvent (pure deionized water) and nitrogen as an inert gas medium were used as references and fed into 
the test chamber. The water vapor itself causes a reduction of the sheet resistance and a relative sheet 
resistance of ~88 % was achieved following 20 min treatment. In comparison to water vapor, nitrogen did not 
influence the sheet resistance. By introducing ammonia into the test chamber the relative sheet resistance 
decrease stronger and values of approximately 86 %, 81 %, 80 %, 78 % and 67 % were achieved using 1.56 %, 
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3.12 %, 6.25 %, 12.5 % and 25.0 % ammonia concentration, respectively. Therewith a clear decrease 
of relative sheet resistance with increasing ammonia concentration was observed. Hence, films show 
distinctive gas sensitivity and selectivity. This behavior is typical for SnO2 gas sensors and described in 
literature [13,14]. 

Furthermore, measurements could be repeated several times consecutively with similar results (see Figure 5). 
Following an ammonia test step, the chamber was purged by air and a recovery of the sheet resistance was 
observed. Thus, one test cycle consists of one ammonia exposure step and one air-purging step. By applying 
this routine, several cycles were conducted consecutively. The sheet resistance at the start (before introducing 
ammonia) and the end of each cycle (saturation of sheet resistance and start of air-purging) were comparable 
among several test cycles.  

 

Figure 5 Reversibility of SnOx films (TSub = 400 °C): Sheet resistance vs. time for recurring changing 
atmospheres; ammonia (25.0 %) and pressurized air. 

4. CONCLUSION 

By using a modified APPJ system, nanostructured SnOx thin films were successfully deposited in one single 
operation step. TBT was introduced in form of an aerosol into the reactive plasma, chemically converted and 
transported to the substrate were film formation took place. Good electrical conductivity was achieved using 
substrate temperatures between 250 °C and 500 °C. The deposition procedure itself can be described as a 
combination of plasma assisted CVD and spray pyrolysis. However, compared to spray pyrolysis, lowest sheet 
resistivity could be achieved at lower substrate temperatures. Hence, this technology could be a more suitable 
method also for temperature sensitive materials. First experiments clearly indicate the gas (ammonia) sensing 
properties of the deposited films. So, tin oxide coatings created by atmospheric pressure PECVD using the 
APPJ technology are showing already in its undoped state and without further layer post-treatments high 
application potential. 
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Abstract 

Static electricity on the surface of dielectric polymers can be dangerous in various areas of human life. 
Antistatic agents reduce or eliminate accumulation of static electricity by creation a conductive layer on the 
polymer surface. The most known antistatic agents are surfactants. They increase surface conductivity by 
absorbing moisture from the air. But this effect is short-lived and depends on the temperature and air humidity. 
Modification of a thin surface layer of polymers by conductive polymer, e.g., polyaniline (PANi), is a promising 
method. In this work fragments of polyacrylic and polystyrenesulfonic acids were grafted onto the surface 
of polyethylene films before the synthesis of PANi. This technique allows to create long lasting antistatic effect. 
Synthesis of PANi on the modified polyethylene films was studied by optical spectroscopy. The autocatalytic 
character of this process was proved. Optimal synthesis conditions for obtaining homogeneous films were 
defined. The electrical characteristics of the obtained materials were measured. Thus, the possibility 
of synthesizing PANi on polyethylene films with incorporated fragments of sulfonated polystyrene or with its 
mixture with acrylic acid was demonstrated. The minimum sheet resistance of the modified PE film was 
achieved with the maximum content of styrene sulfonic acid. It was shown that the proposed technique is 
promising for the creation of antistatic coatings of polymers. The proposed method is also suitable for 
application of antistatic coatings on the inner surface of polymer containers of complex shape. 

Keywords: Polyaniline, polyethylene, antistatic properties, conductive polymers 

1. INTRODUCTION  

The occurrence of static electricity on the surface of dielectric polymers can be dangerous in various areas 
of human life. The resulting electrical discharge can cause combustion or explosion of flammable substances, 
lead to breakdown of various electronic devices, etc. Static charge on polymer surface can be significantly 
reduced. Depending on the conditions and the environment of use, two methods to reduce or eliminate 
accumulation of static electricity can be distinguished. The first method is to create a surface hydrophilic layer 
that promotes the emergence of a thin film of water under natural moisture conditions and temperatures above 
0°С. Various kinds of surfactants are commonly used as such substances, including nitrogen-containing 
compounds (long-chain amines, amides or quaternary ammonium salts), sulfonic acids, polyols and their 
derivatives, etc. The second method consists in introducing into the surface layer various electroconductive 
additives (nanoparticles, carbon materials, etc.) that provide the electrical conductivity of the surface layer 
irrespective of atmospheric humidity and temperature. Despite the wide choice of antistatic additives, their 
introduction can lead to a deterioration in the physico-mechanical properties of the polymers being modified. 
Many additives can not be used to modify industrially important polyolefins (thermoplastics - polyethylene, 
polypropylene, polybutylene), and the antistatic effect persists for a short time. In addition, some antistatic 
agents are difficult to use at low temperature and low relative humidity (for example, in the conditions of the 
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Far North and the Arctic). In our opinion, the most promising method of imparting antistatic properties to 
polymers is their modification with special additives that, after chemical interaction with the base polymer, 
create a thin layer of new electrically conductive polymeric material. In this case, the electrostatic properties 
not only do not depend on the environmental conditions, but are also most resistant to various external 
influences. 

A promising polymer for use as an antistatic agent is polyaniline (PANi). It is easily synthesized, resistant to 
oxidation in air, and has sufficient electrical conductivity. A method for synthesizing PANi in hydrochloric acid 
in a matrix of porous polyethylene was described [1]. The authors showed that this method leads to the 
production of conductive composites. The disadvantage of this synthesis is the influence of the polyethylene 
film relief on the uniformity of the PANi distribution. We have previously shown that the use of polysulfonic 
acids together with polyaniline allows to obtain coatings with improved properties [2,3]. Complexes of PANi 
with polysulfonic acids contain hydrophilic fragments, which gives the modified material additional electrostatic 
properties. However, such complexes are soluble in water and form easily removable films on the surface 
of polymers (for example, polyethylene). More stable coatings of this type could be obtained by synthesizing 
PANI on polyethylene with grafted fragments of polysulfonic acids. 

2. MATERIALS AND METHODS  

We used polyethylene (PE) films with grafted polystyrene sulfonic acid fragments (PE-PSSA) and PE films 
with grafted fragments of copolymer of acrylic and styrene sulfonic acids (PE-ASA). The main characteristics 
of the films are shown in Table 1. 

Table 1 Physico-chemical properties of PE films 

Film thickness, µm Fraction of grafting, ∆р(%) 

[St] [acrylic acid] 

50 93 - 

50 39 - 

50 28 - 

22 17.8 58.7 

16 13.6 57.0 

14 16.8 56.9 

Ammonium persulfate (reagent grade) employed as an oxidizer was used as received. Aniline (reagent grade) 
was distilled in vacuum in nitrogen atmosphere, and a fraction with a boiling temperature of 82-84°С (20 
mmHg) was collected. Polymerization experiments were performed with the as-distilled product (nd20= 1.583)  

Polymerization of aniline on PE-PSSA and PE-ASA films was carried out at a temperature of 25 ° C. Few days 
before the synthesis, the PE-ASA was transferred from Na + to the H + -form by placing in a 1M HCl solution, 
and then washed with water and dried in air. 

For PANi synthesis, PE-PSSA and PE-ASA films were left for a few days in 0.1 M aniline solution, washed 
with water and air-dried. Thus, the aniline-treated film was transferred to a PSA solution for the aniline 
polymerization. After polymerization, the films were washed with water and dried. 

For comparison, the oxidative polymerization of aniline in an aqueous solution of polystyrene sulfonic acid 
(PSSA, Aldrich Mw ~ 7 × 104) was carried out. The molar ratio of aniline to oxidizer was 1:1 mol/mol, the ratio 
of aniline to a sulfonic group of PSSA was 1:2 mol/g-eq. sulfonic groups. Aniline concentration was equal to 
0.003 M. [3]. 
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Spectral measurements in the visible region of the spectrum during the matrix synthesis were carried out using 
a high-speed scanning single-beam spectrophotometer Avantes 2048, equipped with flexible light guides. 
Instrument control, data acquisition and processing were done by a computer equipped with the appropriate 
software. The spectral range of was 300 to 900 nm, the recording time was 100-150 ms, which made it possible 
to neglect the change in the shape of the spectrum during its recording. The spectra of the modified films in 
the 250-3200 nm region were recorded using a two-beam spectrophotometer "Shimadzu UV-3101PC".  

The sheet resistance was measured using digital ohmmeter by applying two narrow contacts made of silver 
conductive paste onto 2 opposite edges of a rectangular sample (1 cm X 1 cm) of the modified films. 

3. RESULTS AND DISCUSSION 

3.1. Synthesis of polyaniline in polyethylene films with grafted polystyrene sulfonic acid 

The changes in the optical absorption spectra during the synthesis of PANi on the films of PE-PSSA (a) and 
in the solution of polystyrene sulfonic acid-PSSA (b) are shown in Figure 1. Synthesis of PANi on PE-PSSA 
reveals some similarity to the synthesis of PANi in the PSSA solution. Thus, during the synthesis of PANi on 
PE-PSSA, as well as in the case of PANi synthesis in the PSSA solution, the growth of absorption bands 
attributed to cation-radical (430 nm) and quinoneimine (600 nm) forms is observed. In the future, a shift of the 
absorption maximum to the long-wavelength region around 750 nm, which is caused by the formation 
of localized polarons is observed. Changes in the absorption spectra during the synthesis on PE-PSSA films 
are less pronounced, in comparison with the PANi synthesis in the PSSA solution. This may be due to several 
factors, including the spatial distribution of aniline and its orientation over the surface/inside the film, the 
presence of a crystalline phase of polyethylene, the formation of a surface layer of PANi contributing to 
delocalization of oxidized fragments, and others. 

 

a b 

Figure 1 Spectrum changes during PANi synthesis on PE-PSSA films (a) and in the presence of PSSA (b). 
The proportion of grafted PS in case (a) is 39 %. The reagent ratio for (a): nAn: n PSSA = 1: 2, nAn: nOx = 1: 

1; for (b): nAn: nOx = 1: 1 

The polymerization of PANi on PE-PSSA has an autocatalytic character, as evidenced by the S-shaped kinetic 
curves (Figure 2). It should be noted that the rate of synthesis is influenced by the ratio of reagents. Thus, 
rapid oxidation of aniline (the case with an excess of oxidizer, nAn / nOx = 1/2) leads to the acceleration 
of polymerization process by approximately a factor of 2.  

Figure 3 shows the PANi polaron absorbance changes depending on the proportion of grafted polystyrene. It 
can be seen that the growth rate (slope of the linear part of the curve) reaches maximum in the interval 28-
39 % and then does not change up to 93 %. The induction period of polymerization is hard to be determined 
at the polystyrene concentration of Δp =28 %. With a further increase in the proportion of grafted polystyrene 
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from 39 to 93 % (i.e. 2.38 times), the induction period increases from about 20 to 47 min (2.35 times), i.е. 
approximately proportionally to the increase of fraction of grafted polystyrene.  

 

Figure 2 Absorbance changes at 750 nm (polaron absorption) during PANi synthesis on PE-PSSA 
(Δp=39 %), depending on the ratio of reagents 

 

Figure 3 Change in the absorption at 750 nm (polaron form of PANi) during synthesis in PE-PSSA films 
depending on the proportion of grafted polystyrene. Curve 1 - PANi-PE-PSSA (Δp=28 %); 2- PANi-PE-PSSA 
(Δp =39 %), 3- PANi - PE- PSSA (Δp=93 %), 4- PANi-PSSA (synthesis of PANi in the solution of PSSA for 

comparison). 

For PE films with grafted fragments of the copolymer of acrylic (AA) and styrene sulfonic (SSA) acids the effect 
was studied of total proportion of grafted acids and the ratio of the AA and SSA on the shape of final electronic 
absorption spectra of the films at a given PSA concentration. 

The change in the composition of the film with a partial replacement of SSA by AA groups led to a significant 
slowdown in the synthesis of PANi (the synthesis occurred for a day or more). Analysis of the spectra of optical 
absorption of grafted copolymers (Figure 4) shows the presence of characteristic absorption bands of PANI. 

The position of the maximum in the region of localized polarons (750 nm) shows that the optimum is PE-ASA 
with a grafting degree of 70.6 %, including 57.0 % AA and 13.6 % SSA. Differences in the characteristic 
absorption spectra for PE-ASA films with Δp = 70.6 and Δp = 76.5 (58.7 % AA+ 17.8 % SSA) indicate that it is 
necessary to select a specific concentration of PSA for each film to avoid the formation of short oligomers, as 
in the case of a film with Δp = 73.7 % (56.9 % AA+ 16.8 % SSA) 
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Figure 4 Electronic absorption spectra of modified PE-ASA films with different ratios of AA and SSA groups 
in the graft copolymer at a total PSA concentration of 5.7 mM. 

The sheet resistance of polyaniline-modified PE-PSSA films was measured. The results, presented in  
Table 2, indicate successful modification of these films by PANi. It can be seen that the film with the maximum 
degree of polystyrene grafting has the lowest sheet resistance. Unfortunately, the sheet resistance of PANi-
PE-ASA films could not be measured despite the electronic absorption spectrum proper to PANi. Apparently, 
this is due to irregular distribution of the conductive areas of PANi phase in the polyethylene film. In particular, 
the frequency and regularity of the arrangement of the sulfonic groups, the distribution of the crystalline and 
amorphous phase in polyethylene can affect the uniformity of the distribution. 

Table 2 Surface resistance of modified PE-PSSA* 

Films Sheet resistance, МОм/ 

PANi-PE-PSSA 93 % 0.08 

PANi-PE-PSSA 39 %  3.6 

PANi-PE-PSSA 28 %  5  
*The measurement temperature is 22 °C, relative air humidity is 45 %. 

Thus, the possibility of synthesizing PANi on polyethylene films with incorporated fragments of sulfonated 
polystyrene or with its mixture with polyacrylic acid was demonstrated. The minimum sheet resistance of the 
modified PE film was achieved with the maximum content of styrene sulfonic acid. It was shown that the 
proposed technique is promising for the creation of antistatic coatings of polymers. 
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Abstract 

Pavement structures often fail due to insufficient interphase interaction between bituminous binder and mineral 
aggregate. A thin bituminous film covering aggregate particles is often replaced by water, resulting in bitumen-
water-aggregate system, which is firmly linked to adhesion failure between these materials. This paper 
describes how to avoid this phenomenon using nanomaterial based admixtures - adhesion promoters 
maximizing the formation of intermolecular interactions between bitumen and aggregate surfaces. 
Physicochemical and topological principles about interaction between the two materials were described. 
Regular paving grade bitumen 50/70 was modified by additives based on: (i) alkylsilanes; (ii) phosphorus 
compounds; and (iii) amines. Mineral aggregate grains (maximal size of 16 mm, pre-heated on 160±5 °C) were 
covered by the thin film of reference and such modified binders (170±5 °C). In this way prepared samples were 
exposed to water (60 °C) for 60 minutes. After samples removing from water, their digital images were obtained 
and then an area of aggregate grains covered by the bituminous thin film was assessed using: (i) bitumen 
adhesion test; following relevant technical standards; (ii) digital image analysis based on both gray level 
thresholding and entropy-based segmentation. It was shown that adhesion of the bitumen to aggregate, 
expressed by aggregate particle coating area, was increased by almost 18 %, if adhesion promoters were 
used. 

Keywords: Asphalt mixture, adhesion promoters, interface interaction, coated area 

1. INTRODUCTION 

Asphalt mixtures, consisting of bituminous binder, mineral aggregate, and other admixtures, dominate during 
construction of road pavements worldwide. Their mechanical performance as well as pavement lifetime 
significantly depends on an interaction between individual phases, namely between bituminous binder and 
mineral aggregate. If adhesion between the bitumen film and aggregate fails, aggregate stripping usually 
occurs, resulting in subsequent damage of pavement structure and its integrity lost. Such estimated damages, 
known as potholes or just stripping, have a strong negative impact on asphalt pavements from the both the 
operational, traffic safety, and economical point of view [1]. 

Interphase interactions between bitumen, aggregate and other substances (e.g. dust, water) is complex 
process resulting in formation of adhesive bonds. Bitumen is usually considered to be a colloid system 
of intricate chemical composition and of complicated internal arrangement of molecules. Bituminous adhesive 
forces are promoted by polar components (such as polynuclear aromatics, phenolics, pyridinics, ketones, 
sulfides, etc.) lowering the interfacial energy between asphalt and aggregate [2]. Similarly, the temperature 
dependent viscosity reflects the capacity of bituminous material to be absorbed onto the aggregate surface. 
Furthermore, adhesive bonds are considerably influenced also by physico-chemical properties of the present 
mineral aggregates (surface morphology - roughness, porosity, surface area, dislocations, geometrical shape, 
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etc. [3]) and the final adhesion is then the result of combination of the above mechanisms. It has to be stressed 
out that aggregates exhibit a strong affinity for water, in particular, the so-called acidic (hydrophilic) rocks with 
a high content of silicon-based substances (granite, quartz). Consequently, bitumen is frequently replaced by 
residual water, followed by formation of interfacial system bitumen-water-aggregate and this stripping effect 
may be firmly linked to adhesion failure between bituminous material and aggregate surface. This problem can 
be optimized by addition of adhesion promoters maximizing the formation of intermolecular interactions 
between bitumen and aggregate surface (apolar Lifshitz-van der Waals, resp. Lewis acid- based components) 
resulting in plausible values of the final surface free energy. Even a small amount of these promoters, usually 
between 0.01 and 0.5 wt.% to bitumen, causes significant enhancement in bituminous binder to aggregate 
adhesion [4,5]. 

In order to reveal interphase interaction between the two materials, several methods can be employed. Contact 
angle measurement of hot bitumen droplet applied on the planar surfaces of cut aggregate is able to provide 
an information about the interphase interaction [6,7]. However, this method cannot take into account a shape 
factor and the surface roughness of the aggregate. The same problem is typical also for peel-tests, when steel 
plates, bonded to aggregate by thin layer of the binder, are removed from planar aggregate surfaces [8]. 
Empirical methods based on visual observations of aggregate coated by the binder are frequently used 
throughout technical praxis; however, these cannot provide accurate and consistent results due to subjective 
assessment by evaluators [9,10]. Instead of evaluators, digital and computational technic can be employed to 
assess the rate of interaction between two materials of different state [11,12]. 

In this research study, we modified standard paving grade bitumen by several types of adhesion promoters. 
Such modified binders were used to cover mineral aggregate within test specimens which are defined by a 
selected aggregate fraction coated by hot bitumen. The area of coated aggregate by binder, pointing to 
adhesion between the two materials, was assessed using both conventional and primarily digital image 
analysis based methods. 

2. ASPHALT MIXTURES 

2.1. Bituminous binder 

Paving grade bitumen 50/70 (EN 12591 and ČSN 657204) was used to cover aggregate grains. Reference 
mix marked as “MR” was produced without any additives. Compared to that, mixtures M1-M5 were made from 
the same type of bitumen, but these contained selected types of adhesion promoters. 

2.2. Mineral aggregate 

Crushed aggregate the Brant quarry, where granite porphyry is the key mineral, was chosen with respect to 
the availability of natural aggregate sources. Moreover, it was targeted to use a less suitable aggregate 
(hydrophilic) more susceptible to water damage, with poor adhesiveness to the binder and elevated potential 
of stripping failures shown in the asphalt mix composite. The criterion of less favorite adhesion was fully met 
by granite porphyry, or porphyry microgranite. A considerable proportion of the rock consists of quartz, 
potassium feldspar (orthoclase) and mica. The fraction was equal to 8-16 mm. 

2.3. Adhesion promoters 

To improve adhesion between the bituminous binder and aggregate, liquid-form chemical-based additives 
were used. In sum, five different products were selected: M1, alkylsilanes-based; M2, phosphorus-based; M3, 
based on chemical surfactants comprising amines; M4 and M5, based on unsaturated fatty acids combined 
with diethanolamine. Their amount differed from 0.2 to 0.4 wt. % to binder. Their specification and amount are 
summarized in Table 1.  
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Table 1 Summarization of asphalt mixture composition 

Mixture 
Type of mineral 

aggregate 
Bituminous 

binder 
Adhesion promoter 

Adhesion promoter 
(wt. % to binder) 

MR 

Granite porphyry 
fraction 8/16 

originated from 
the Brant quarry 

50/70 

- 0 

M1 Additive based on alkylsilanes 0.2 

M2 Additive based on phosphorus 0.3 

M3 Additive based on chemical surfactants 
comprising amines 

0.3 

M4 Additive based on unsaturated fatty acids 
combined with diethanolamine 

0.2 

M5 0.4 

3. DETERMINATION FOR ADHESION OF BITUMINOUS BINDER TO AGGREGATE 

3.1. Conventional visual analysis 

Following ČSN EN 73 6161 technical standard, test specimens in a defined glass bowl were prepared. These 
composed of several individual pieces of aggregate with fraction of 8/16 mm (in sum ca. 300 g, temperature 
160±5°C) coated by the bituminous binder (12±0.3 g, temperature 170±5°C). Such prepared samples were 
stored for 24 hours, then submerged to water (60 °C) and stored additional 60±5 minutes. Then, they were 
subjected to conventional visual assessment according to cited standard. The conventional analysis is based 
on subjective assessment of two evaluators, who classify the rate of stripped areas of aggregate. 

It is clear from the procedures mentioned above that the subjective assessment cannot exclude “human factor” 
and provide consistent results. In order to overcome this drawback, the test specimens placed in glass bowls 
were photographed using digital camera (Canon EOS 70D, focus length 50 mm, Av 8). Such obtained images 
were subjected to testing by other two assessment methods, as described below. 

3.2. Gray level thresholding  

The percentage of the aggregate surface coated by the bitumen was assessed using “in-house” developed 
Matlab software Binder. The main principle is based on identification of areas brighter than the dark bituminous 
binder. These areas are then considered to be parts of stripped aggregate particles. Such an approach 
introduced inaccuracies in the case of dark aggregates or light reflections on the bitumen surface. The reflected 
light causes local over-exposition within images, which the software evaluates as uncovered. 

3.3. Entropy-based image segmentation 

To overcome the issues connected with dark aggregate or local over-exposition, an alternative approach was 
addressed. Namely, we employed local entropy calculation in order to assess roughness of the texture. Such 
a procedure is computationally more demanding but still feasible and with much more accurate outcomes. The 
areas with high entropy are considered to belong to aggregates while low entropy areas represent the 
bituminous matrix. 

4. RESULTS 

Conventional visual analysis of asphalt mixture, executed following ČSN EN 73 6161 standard, revealed that 
the adhesion between aggregate and reference bitumen (mixture MR) reached only to “unsatisfactory” 
classification, i.e., the area of aggregate particles covered by bitumen was less than 80 %. According to gray-
level and entropy-based analysis, the area was equal to 80.3 % (satisfactory) and 73.9 % (unsatisfactory), 
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respectively. The results acquired using the entropy-based analysis were considered to be more accurate than 
those obtained from gray-level-based analysis due to problems with proper photographing caused by light 
reflection from the surface of shiny bituminous binder surfaces (this held true for all results comparison 
between these two methods). 

Covered aggregate surface area of mixture M1 (containing adhesion promoters at the amount of 0.2 wt. %) 
reached on 91.9 % and 85.9 % (good / satisfactory), depending on the evaluating method (gray-level-based 
and entropy-based). 

If whatever other adhesion promoters were used (M2-M5), the rate of aggregate covered area increased 
significantly up to ca. 95-99 % (good / excellent) depending on the evaluating method. The results are 
summarized in Table 2 and graphically illustrated in Figure 3. These finding were comparable to research by 
Rosi et al. [3,6]. For illustration, the extreme cases (MR and M4) are shown in Figure 1 and Figure 2. 

Based on these results, it can be concluded that adhesion promoters significantly contribute to bituminous 
binder adhesion to mineral aggregate. Moreover, it was found that entropy-based assessment of interphase 
interaction between the two materials is a potential technique from the practical point of view, providing proper 
results and regarding shape factor of the aggregate.   

Table 2 Assessment of adhesion of bituminous mixtures to mineral aggregate 

Mixture Visual assessment 
Gray-level-based 

assessment 
(% / classification) 

Entropy-based 
assessment 

(% / classification) 

MR unsatisfactory 80.3 / satisfactory 73.9 / unsatisfactory 

M1 satisfactory 91.9 / good 85.9 / satisfactory 

M2 excellent 98.8 / excellent 95.6 / good 

M3 good 97.5 / excellent 93.7 / good 

M4 good 97.8 / excellent 95.8 / good 

M5 good 97.9 / excellent 94.6 / good 

 

Figure 1 Images of poorly covered aggregate by binder (MR mixture), from left: original photo, gray level 
thresholding-, and entropy-based image segmentation 
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Figure 2 Images of good covered aggregate by binder (M4), from left: from left: original photo, gray level 
thresholding-, and entropy-based image segmentation 

 

Figure 3 Assessment of adhesion of bituminous mixtures to mineral aggregate 

5. CONCLUSION 

Interphase interaction between straight-run distilled bituminous binder (50/70) thin film and mineral hydrophilic 
aggregate (8-16 mm, granite porphyry) from Brant quarry in Central Bohemian region was assessed using 
conventional and newly developed digital image-based methods. The binder was modified with nanomaterial 
chemical-based adhesion promoters in order to increase the adhesion between these two materials and thus 
to ensure creation of aggregate-bitumen interphase system only, with no other materials. For these purposes, 
chemical-based additives were used at the amount of 0.2-0.4 wt. % (to binder). Asphalt mixtures composed 
of the aggregate particles coated by the thin film of the bitumen were prepared, photographed and then 
subjected to the adhesion assessment. Focusing on the surface of these particles, an area coated by the 
binder was evaluated subjectively, following relevant technical standard and automatically, using grey level 
thresholding and entropy-based image segmentation analysis. It was shown that the coated area was approx. 
74-80 % in the case of reference bitumen (without any nanomaterial based additives, depending on evaluating 
method. If adhesion promoters were used, the examined area was increased up to almost 100 %. Moreover, 
it was found that the evaluating method based on entropy-based image segmentation was considered to be 
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more accurate, because it overcame problems relating with light reflection from shiny bituminous binder 
surfaces, resulting in local over-exposed areas within the photography. 
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Abstract  

The magnetically modified composites for Cd(II), Pb(II) and Zn(II) ions removal from aqueous solution were 
synthetized. Montmorillonite/FexOy composites were successfully prepared using ferrofluid. The presence 
of FexOy nanoparticles (NPs) on the clay surface did not influence its chemical composition and did not lead 
to the release of clay elements to the solution. Moreover, the FexOy NPs enhanced the sorption properties 
of the clays and - due to the magnetic properties of composites - they could be easily removed by external 
magnetic field after the sorption. The influence of initial pH of the aqueous solution containing Cd(II), Pb(II) 
and Zn(II) ions on sorption capacity of montmorillonite/FexOy composites was studied. The accompanying 
elements released from clays to final extracts were observed as well. Results show that the initial pH 
of aqueous solution affected the sorption capacity of the observed elements and the release of the elements 
from montmorillonite originated from Ivančice (M) and magnetically montmorillonite (MM). The maximum 
sorption capacity was determined in the acid area of pH (3-4). After the sorption, FexOy NPs were determined 
in final extracts at low concentrations and are, therefore, fixed onto MM strongly. However, FexOy NPs are not 
fixed onto magnetically modified Smecta (SM) as strongly as onto MM because they leached to the final 
extracts more than from MM. Due to the aforementioned results of FexOy leaching, both studied composites 
were still magnetic after sorption experiments. The prepared composites are functional sorbents and are stable 
in pH 3-7. 

Keywords: Montmorillonite, magnetically composite, iron oxide nanoparticles, stability, sorption 

1. INTRODUCTION  

Heavy metal pollution of the environment has remained a serious problem. Its efficient removal from 
wastewaters eliminates the contamination and cumulation in soils, surface and underground water. Cleaning 
technics for heavy metals removal such as ion exchange, reverse osmosis, and electrodialysis are effective, 
although costly [1]. Chemical precipitation is simple and low-cost method, however, it produces large volumes 
of sludge and does not reduce the heavy metal content sufficiently [2]. Adsorption is, considering the criteria 
aforementioned, simply, low cost and quick. Biochar [3], soybean hull biosorbent [4], rice and peanut husks 
[5,6], zeolite, bentonite [7], montmorillonite [8] are one of the most commonly biosorbents studied for the 
elimination of Pb, Zn, Cd and other elements from aqueous solution. Especially clays and clay mineral have 
been studied as sorbents due to their large specific area, low cost, chemical stability, cation-exchange 
capacity, environmental safety and excellent sorption properties [9]. Potencial sorbents has been modified by 
various technics including treatments with steam, acids, bases, metal oxides, carbonaceous materials, clay 
minerals, organic compounds, and biofilms to enhance their surface area and sorption properties [10-12]. One 
of the best treatments is magnetic modification of sorbents using iron oxides nanoparticles (NPs). Fe3O4 shows 
paramagnetic properties therefore, it can be influenced by magnet and loses its magnetic properties after its 
removal from the magnetic field.  

There are several methods of clay magnetization: calcination of pre-treated clay minerals [13,14], mixing clay 
with iron oxide particles and prepared in a microwave [15], precipitation of magnetic iron oxides from a mixture 
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of ferrous and ferric salts by a strong hydroxide in the presence of clay [15]. The magnetization of sorbents 
can increase the sorption capacity and the sorbent can be removed from solution by magnet.  

Smecta (S) and montmorillonite (M) were magnetized using ferrofluid. Magnetically modified Smecta (MS) and 
montmorillonite (MM) composites were tested as sorbents of Cd, Pb and Zn ions from aqueous solution with 
various initial concentration and pH (3-7). pH and elements (Fe, Si, Al, Na, K, Mg and Ca) released from 
composites to final extracts were determined by atomic emission spectroscopy with inductively coupled plasma 
(AES-ICP)  

2. EXPERIMENTAL 

Chemical composition (Table 1) of Smecta (denoted as S) and montmorillonite originated from Ivančice (M) 
was determined using an energy dispersive fluorescence spectrometer (XRFS) SPECTRO XLAB (SPECTRO 
Analytical Instruments GmbH). For this measurement, samples in powder form were pressed into tablets using 
wax as a binder. Magnetically modified Smecta (MS) and montmorillonite (MM) composites prepared prof. Ivo 
Šafařík in the Institute of Nanobiology and Structural Biology of GCRC, Academy of Sciences of the Czech 
Republic. 

Table 1 The chemical composition of Smecta (S) and montmorillonite (M)  

Element  
S 

(wt.%) 
M 

(wt.%) 

Na2O < 0.005 0.093 ± 0.047 

MgO 3.6 ± 1.2 3.07 ± 0.62 

Al2O3 14.2 ± 0.5 13.9 ± 0.84 

SiO2 49.8 ± 1.0 57.47 ± 4.03 

K2O 0.168 ± 0.009 0.925 ± 0.084 

CaO 1.48 ± 0.08 2.04 ± 0.63 

TiO2 0.17 ± 0.012 0.296 ± 0.030 

Fe2O3 2.77 ± 0.09 3.40 ± 0.14 

LOI 27.3 ± 0.3 17.75 ± 1.07 

2.1. Adsorption experiment 

Cd(NO3)2.4H2O (SIGMA-ALDRICH, p.a. ≥ 99.0 %), Pb(NO3)2 (LACHEMA, p.a.) and ZnCl2 (Lach-Ner, s.r.o., 
Mr 136.29 g/mol) were used to prepare aqueous solutions with Cd(II), Pb(II) or Zn(II) ions, respectively. The 
initial pH was adjusted by NaOH (MACH CHEMIKÁLIE, s.r.o., p.a. Mr 40 g/mol) or HNO3 (MACH CHEMIKÁLIE, 
s.r.o., p.p. 65 %) solution to range 3 - 7 pH with the initial concentration 10 mg/l of Cd(II), Pb(II) and Zn(II) ions. 
0.2 g of sample was mixed with 50 ml of initial solution and was shaken in a rotating shaker at a constant 
speed (4.5 rpm) at laboratory temperature. The suspensions were, after 1 hour of shaking, filtered through 
0.45 µm filter paper immediately after 30 minutes of centrifugation (3000 rpm). Elements leached from S, MS, 
M and MM samples (Al, Si, Fe, Na, K, Mg, Ca) and concentration of Cd(II), Pb(II) and Zn(II) ions were 
determined by AES-ICP (CIROS SPECTRO VISION) in final extracts.  

The differences between the initial and final concentrations of adsorbed elements (Cd, Pb and Zn) were used 
to calculate the amount of sorbed metal ions. The final metal uptake capacity was calculated according to 
Eq. 1 [16]: 

100.
).( 0

m

ccV
q r−

=               (1) 
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where: 
q - amount of contaminant removed from solution (%) 
V - volume of the solution (l) 
c0 - concentrations of the metal ions in the initial solution (mg/l) 
cr - concentrations of the metal ions in the final solution (mg/l) 
m - sorbent dose in the mixture (g) 

3. RESULTS AND DISCUSSION 

3.1. Effect of initial PH 

Figure 1 illustrates the effect of initial pH on adsorption of metals ions from solution onto S, MS, M and MM 
samples. Initial concentration of metal ions in solution was 10 mg/L.  

 
Figure 1 The amount of Pb, Cd and Zn ions removed from solution by a) original montmorillonite (M) and 

magnetically modified montmorillonite (MM), b) Smecta (S) and magnetically modified Smecta (MS) 

The adsorbed amounts of monitoring ions increased with increasing pH of initial solution. The Cd(II), Pb(II) 
and Zn(II) ions uptake increased at pH ≥ 4 for original M and MM composite. Pb(II) ions show the best affinity 
to M and MM composite (> 95 %). The adsorption of Cd(II) and Zn(II) onto original S and MS composite 
increased at pH ≥ 4 as well. The removal of Cd(II), Pb(II) and Zn(II) ions from solution by the original M and 
MM composite was more efficient than by S or MS composite. M and MM composite removed more than 80 % 
of Cd(II), Pb(II) and Zn(II) from solution with pH ≥ 4. Moreover, magnetization of both clays increased their 
sorption capacity.  

 

Figure 2 The amount of Fe released from original montmorillonite (M) and Smecta (S) and magnetically 
modified montmorillonite (MM) and Smecta (MS) to extraction agents with various initial pH 
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The concentration of Fe released from original M and S and from MM and MS composites after leaching test 
was determined as well (Figure 2). Fe released from MM to extraction agent is negligible in comparison to the 
original M. Therefore, FexOy NPs are strongly fixed onto the composite and MM composite is stable in a wide 
pH range. Concentration of Fe determined in final extract obtained from MS increased with increasing pH 
of initial solution. Amount of Fe released from MS to the final extracts did not exceed 3.5 mg/g. The after-
sorption magnetic properties of MM and MS were successfully verified by magnet. 

The determined concentration of Al, Si, Fe, Na, K, Mg and Ca were also evaluated using factorial analysis 
of mixed data (Figure 3).  

 

Figure 3 Factorial analysis of mixed data (FAMD) 

Figure 3 shows the relation between the concentration of leached elements from samples and initial pH 
of extraction agents. The determined concentration of Al, Si and Fe in final extracts are display association 
with with materials, however seem not to be affected by the initial pH. The concentrations of K, Ca and Mg in 
the final extracts are not affected with tested materials, but they are related to the initial pH of extraction agents. 
Aforementioned relationships determined by FAMD were evaluated in more details by analysis of variance 
(ANOVA) and consequent Tukey HSD test.  

The results of ANOVA show that the initial pH of extraction agents significantly influences the concentration 
of leached elements (Na, K, Mg and Ca) in final extracts (α = 0.05). Tukey HSD test shows significant 
difference in released amount of Na between pH 5 and 6 as well as between pH 5 and 7. Significant difference 
between pH and released amount of K or Ca were observed in acidic pH area. The influence of initial pH on 
Mg release from materials was insignificant. Tukey HSD test proved significant difference in released amount 
of Al and Si between MM and MS composites and between M and MS. Significant difference to released 
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amount of Fe was proved between S and MS, MM and MS, M and MS. This suggests that the release of Fe 
from composite is influenced by matrix, mainly by Smecta. 

4. CONCLUSION 

Magnetically modified montmorillonite (MM) and Smecta (MS) composites were successfully prepared and 
tested as sorbents of heavy metals ions from aqueous solution with various initial pH. Original montmorillonite 
and Smecta were tested as sorbents for the comparison with composites as well. The sorption properties 
of original montmorillonite and Smecta increased after magnetically modification. Magnetically modified 
Smecta removed 35-90 % of tested ions. Magnetically modified montmorillonite adsorbed up to 99 % of Pb(II), 
92 % of Cd(II) and 85 % of Zn(II). Composites show the best sorption properties at pH ≥ 4. The concentration 
of released Fe from original clays and composites were determined in solution after sorption as well. The 
amount of released Fe from original montmorillonite and montmorillonite composite were similar. Therefore, 
the FexOy NPs are strongly fixed in montmorillonite composite in wide range of pH 3-7. The amount of released 
Fe from Smecta composite increased with increasing pH of solution. The released amount of Fe from 
magnetically modified Smecta did not exceed 3.5 mg/g and the magnetic properties were successfully verified 
by magnet. From the statistical point of view, the release of Fe from magnetically modified montmorillonite and 
magnetically modified Smecta composites was significantly influenced by the substrate. 
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Abstract 

The topic of emission reduction and recycling in civil engineering is highly discussed topic over last years. With 
respect to construction waste production, it is obvious to reuse materials such as concrete. Coarse aggregate 
recycling and reinforcement rebars separation are the most used procedure in this field so far. Recently, 
methods including recycling of concrete cementitious matrix were introduced to the market. As such, the 
concrete matrix consists of matured hydration products of the cement (calcium hydroxide, calcium silica 
hydrate, etc.) as well as non-hydrated Portland cement particles (clinker), which can represent up to 5 % of the 
matrix. The focus of this article is placed on microscopic level of cementitious composite with admixture 
of finely grounded recycled concrete. The impact of recycled addition on micro-structure of the composite, 
namely the percentage representation of individual material phases, is investigated by image analysis 
of micro-graphs obtained with scanning electron microscopy. The micro-mechanical performance of each 
composite is examined with displacement driven grid indentation on several levels of the sample. In 
consideration of the complexity of the cementitious composite with addition of finely grounded concrete, 
additional testing of input materials and referential cement paste sample is indispensable to properly 
distinguish mechanical properties of each composite phase. Young’s modulus of individual phases is thus 
determined from spectral deconvolution of obtained indentation data with respect to the composite structure. 

Keywords: Recycled concrete, phase, nano-indentation, SEM, spectral deconvolution, image analysis 

1. INTRODUCTION 

The construction and demolition waste (CDW), as the largest portion of stored waste material, became 
worldwide problem in both environmental and economic way. For example, according to data collected by 
Czech Statistical Office over the year 2016, 14.3 million tons of construction and demolition waste was 
produced in Czech Republic. Even though the long-term monitoring indicates decrease of CDW production, 
the amount of land-filled construction and demolition waste increases approx. 4.5 % annually. This projected 
trend underlines the potential development of much efficient and thrifty CDW re-cycling methods, that could 
reduce waste deposition while saving natural sources and environment. One of economic problems of CDW 
recycled materials (compare to traditional raw materials), can be paradoxically higher price due to the 
transportation costs [1, 2]. In general, concrete is 30 to 60 % made of coarse aggregate which is typically 
reused. In other words, 70 to 40 % of the concrete is considered as secondary waste product. Absolute 
recycling of ordinary concrete, when high-speed milling is used, transforms the waste material into very fine 
powder. Such recycling processing opens material ability for potential use as micro-filler (for non-reactive 
hydration products and aggregate) and partial cement substitute in case of non-hydrated clinker in cement 
paste [3].  

The potential of recycled finely grinded concrete as substitute for pulverized limestone in asphalt mixture was 
shown in M. Chen study [4]. Compare to pulverized limestone (based on XRD SEM analysis), recycled 
concrete powder particles have rougher surface and show higher content of silicon dioxide (SiO2). Mechanical 
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properties of this component depend on the environment thermal conditions, as shown in this study. The 
results indicate increased strength and fatigue persistence in higher temperatures. Features of cement paste 
with partial replacement of a binder by fine grinded recycled concrete are discussed in [5]. As corroborated by 
the results, the replacement impacts the mixture in fresh state due to decreased workability and prolonged 
hardening time (delay up to 2 hours). The study recommendation inclines to 15 % limitation of the replacement, 
as mechanical results of samples with higher fine grinded recycled concrete content (45 % cement 
replacement) show reduction of compressive strength up to 30 %. The potential pozzolanic activity 
of pulverized recycled concrete from railway sleepers due to presence of non-hydrated clinkers, likely unfolded 
by fine milling [6,7]. The recycled material,as the level of non-hydrated clinker in raw concrete is low, is thus 
feasible  for subsoil under railway structures strengthening [8]. Other potential small scale utilization can be 
found in cementitious composite material. 

This study is focused on micro-mechanical performance of the recycled concrete drain gutter, in form of finely 
grinded powder (0 - 180 μm particles), used as partial replacement in cementitious composite. To ensure 
adequate interpretation of measured data, both referential cement paste and original concrete drain gutter 
were also subjected to micro-mechanical and micro-structural testing. 

2. METHODOLOGY AND DATA ANALYSIS 

For purpose of this study, referential cement paste and cementitious composite with grinded recycled drain 
gutter inclusion were prepared and left to mature for 28 days. The referential specimen (REF) was made 
of CEM II 42.5 R cement with water to cement ratio of 0.35. In case of second specimen (REC30), 30 % 
of cement weight was replaced with finely grinded recycled drain gutter. In addition, third sample of original 
concrete drain gutter (10 years old, further denoted as ORG) was added for proper identification of the recycled 
powder inclusion effect on the paste. All three samples were embedded in epoxy-resin and their surface 
grinded and polished, avoiding further hydration and selective abrasion, for purposes of nano-indentation and 
scanning electron microscopy. 

2.1. Indentation and spectral deconvolution 

The micro-scale elastic properties of individual phases present in each material were evaluated based on 
nano-indentation results (Ti 750 series, Hysitron Inc.). In general, indentation technique reflects th dependency 
of material resistance to the probe propagation into the indented half-space. Indentation modulus (and/or other 
elastic mechanical properties) of indented region are determined from unloading part of the record. 
Incorporated errors of the measurement (creep, visco-elasticity etc.) can be avoided by appropriate setup 
of measurement [9 - 13]. In all cases of testing, the displacement driven load function was selected, where 
both loading and unloading lasted 5 seconds each with an in-between 60 seconds segment with constantly 
held maximum displacement of 150 nm. The measurement was performed on different levels of the sample, 
based on specimen heterogeneity and expected number of present phases. Histograms of measured data 
were further processed with spectral deconvolution, where micro-mechanical features of material individual 
phases are determined with respect to possible interference of main, soft, phase with other, tougher, phases. 
The maximum allowed error between indentation and processed data and structural representation did not 
exceed 10 %. 

The referential specimen (cement paste) indentation was performed in three separate locations. In each 
position, rectangular grid constructed of 21 by 21 indents with mutual separation of 10 μm was implemented. 
In case of original concrete drain gutter, two material levels were selected for indentation - area of cementitious 
matrix (without aggregate present) and inter-facial transition zone (ITZ) between matrix and aggregate 
(presence of clinker not expected). On both material levels, two indentation grids (similar to grids imposed on 
referential specimen) were implemented. The composite with 30 % recycled pulverized gutter replacement 
was also tested via indentation on two material levels. 12 locations indicating presence of inclusion were 
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subjected to grid indentation similar to previous samples (REF and ORG). 4 random positions, capturing mostly 
cement matrix, were indented in 51 by 51 indents pattern, mutually separated by 15 μm. The exponentially 
increased number of measurement data inevitable for proper mechanical features identification of most 
individual phases present in the composite. 

2.2. SEM and image analysis 

The scanning electron microscopy (SEM) investigation was performed in MIRA II LMU (Tescan corp., Brno) 
on polished specimens coated with thin layer of carbon necessary to ensure proper conductivity of the surface. 
Chemical composition (in weight percentage) of each phase was determined using EPMA based on the 
detection of the X-rays by energy dispersive X-ray detector (EDX, Bruker corp., Berlin) on several point of each 
position. Due to the time-demands and statistical insufficiency of EPMA phase determination, image analysis 
of SEM BSE micrographs was used to obtain phase volumetric representations in material. In general, energy 
of back-scattered electron is dependent on atomic number of the element which is relevant to brightness of the 
phase in BSE diagram. Based on estimated number of phases and their gray-scale range from EDX 
measurements of each sample, it is possible numerically quantify percentage representation of each phase 
from several BSE SEM graphs by image analysis. 

The EDX SEM investigation of cement paste (REF sample) was applied in 20 points of interest from which 
basic phases of the matrix were identify, including their brightness range in gray-scale. Furthermore, 20 SEM 
BSE diagrams were analyzed providing average description specimen structure. In case of original concrete 
drain gutter sample, image analyses of two magnification levels was performed in order to adequately and 
effectively determine all present phases. Close magnification BSE diagrams image analyses (identical to REF 
specimen) determined average representation  of cement matrix phases. Image analysis of SEM BSE 
diagrams (12 images) capturing outlying structure of the specimen served for aggregate - matrix ratio 
evaluation. Unfortunately, identical procedure of micro-structure investigation of composite specimen (REC30) 
gave not conclusive information of phases representation due to very close ranges of brightness in gray-scale 
of chemically equal phases. 

3. RESULTS AND DISCUSSION 

The results of spectral deconvolution and histograms, from which individual phases features were derived, are 
summarized in Table 1 and Figure 1. Direct indentation modulus comparison between can be made due to 
incorporation of mutual influence of phases with different stiffness. For example, integration of recycled LD 
CSH into the matrix of new composite seams to increase its modulus by approx. 12 %, compare to features 
of same phase present in original concrete gutter. On the other hand, the incorporation and interaction 
of recycled HD CSH phase with matrix with significantly lower stiffness results in decrease of its indentation 
modulus by approx. 6 %. In case of portlandite evaluation in REC30 sample, newly formed and recycled 
inclusion of this phase indentation modulus are too close and could not be separated. Presented results can 
be described as average (homogenized) value of both. Non-hydrated clinker and aggregate inclusion, given 
their stiffness and possible measurement error, remain intact, i.e. with same value of indentation modulus. 

Table 1 Results of individual phases micro-mechanical features (indentation modulus Er [GPa]) 

Sample ITZ LD CSH R-LD CSH HD CSH R-HD CSH Portlandite Clinker Aggreg. 

REF nonex. 17.1 ± 5.6  40.1 ± 6.1  77.7 ± 18.6 125.7 ± 6.6 nonex. 

ORG 16.7 ± 3.6  22.0 ± 2.1  46.2 ± 4.6 72.6 ± 9.3 127.5 ± 3.8 106.1 ± 8.5 

REC30 not det. 16.2 ± 3.4 24.7 ± 6.2 39.7 ± 2.4 43.7 ± 4.0 75.5 ± 12.2 122.6 ± 7.2 103.7 ± 7.7 
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Figure 1 Histograms of indentation results 
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Micro-structural results of referential and original drain gutter samples are shown in Table 2. The REC30 
sample, due to its complex structure (possible 9 present phases) and almost identical gray-scale brightness 
range of several phases, could not be properly evaluated with respect to number of measurements (data, 
diagrams). Even so, results of phase percentage representation were used for in spectral deconvolution 
procedure (with respect to used pulverized recycled gutter amount and its individual phases representation) 
as an error indicator. 

Table 2 Results of average individual phases percentage representation [%] 

 Pores LD CSH HD CSH Portlandite Clinker Aggregate 

Cement paste 10.39 ± 0.82 44.33 ± 3.73  18.20 ± 1.46  18.50 ± 1.73  9.72 ± 0.93  nonexisting 

Concrete drain gutter 1.83 ± 0.12 13.92 ± 0.97 20.45 ± 1.22 6.53 ± 0.30 4.91 ± 0.18 52.36 ± 3.54 

4. CONCLUSION 

The nano-indentation technique in combination with SEM structure observation was use in the study 
of cementitious composite with 30 % cement replacement with pulverized recycled concrete gutter. Based on 
the results of post-processed measured data, following can be stated: 

• The addition of recycled concrete, in newly produced cementitious composite, does not impact the 
micro-mechanical features of newly formed matrix phases. 

• Incorporated particles of recycled pulverized concrete drain gutter function in the composite as micro- 
and nano- filler, i.e. impact mainly mechanical features of the matrix on the meso- and macro-scale. 

• The combination of indentation technique and SEM proved essential in complex composite 
investigation. 

• Detailed investigation of composite’s inclusions was essential for proper identification of micro-
mechanical features of individual phases. 

• The number of indentation data necessary for investigation exponentially increases with number 
of expected phases in the material, leading to very time-demanding testing and measurement 
evaluation. 

• The micro-structural investigation of cementitious composite with 30 % cement replacement with 
pulverized recycled concrete gutter via SEM and image analysis was not conclusive. Closer 
investigation and higher number of diagrams is recommended for in order to describe composite’s 
structure. 

• The presumption of reactive clinker involvement in hydration process of cement can be also 
corroborated with further comparison of composite structure and clinker phase representation 
of referential and original material. 
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Abstract 

In this paper, we report the optimal conditions for the isolation of amino acid arginine from different types 
of matrix, such as blood, plasma or tissue and their characterization using ion-exchange liquid chromatography 
with VIS detector. Paramagnetic microparticles able to isolate and immobilize amino acid arginine were 
prepared and used to preconcentrate arginine for subsequent analysis on ion-exchange liquid chromatography 
with VIS detector. Commercially available Dowex was covered by maghemite nanoparticles and the composite 
showed excellent binding and superparamagnetic properties. It was found that the paramagnetic 
microparticles were able to bind specifically amino acid arginine. Therefore, these paramagnetic microparticles 
have potential for better isolation of arginine and in future can use for application as a platform of delivery 
system. 

Keywords: Ion exchange chromatography, maghemite microparticles, amino acids, arginine   

1. INTRODUCTION 

Arginine is semiessential amino acid and plays a various roles in biosynthetic pathways in tumor biology [1]. 
Major cellular functions of arginine were nitric oxide production [2], creatine production and polyamine 
synthesis [3]. Arginine influences in tumor cells has been shown to inhibit metastatic tumor growth [4]. Long-
term and significant of arginine deprivation induces free radical formation and peroxynitrite stress especially in 
connection to arginine-dependent cancer cells [5]. Based on intensive study, it was shown the effect of arginine 
is to reduce nitric oxide (NO) production and the significant increase of oxidative stress [6]. On the other hand, 
L-arginine regulates blood flow, is the main cause of blood pressure and increased of the oxidative stress 
conditions of patients suffering from cardiomyopathy [7]. L-arginine, shows various functions in human health 
and may play a major role in age-related degenerative diseases such as Alzheimer's disease (AD) [8]. 
Nowadays, multiple methods are developed for semiessential amino acid arginine determination. Most of them 
are based on chromatography (GC, LC, UHPLC) [9] with tandem of mass spectrometry (MS) [10], IEC [11] or 
CE [12]. In our study we decided to use ion exchange chromatography with post-column ninhydrin 
derivatization and VIS detector for arginine determination [13]. 

2. METHODOLOGICAL BASES AND EXPERIMENTAL PART 

2.1. Chemicals 

Arginine of purity 99 % was obtained from Sigma Aldrich (St. Louis, Missouri, USA).  Solution of arginine for 
preparing of calibration curve was prepared in the dilution buffer Na: TDG (NaN3 - 0.10 g, NaCl -11.5g, C6H8O7-
14 per 1L H2O). For experiment were used Citric acid, NaCl, NaN3, TDG, HCl 35 % from Sigma - Aldrich, 
Ninhydrine from Sigma - Aldrich, Methylcellosolve (Ingos, Prague, Czech Republic), SnCl2 (Ingos). 
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2.2. Ionex 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, VIS 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 RSD of about 1 %. A two-channel VIS detector with a 5 µL flow volume cuvette was 
operated at wavelengths of 440 and 570 nm. 

2.3. SECM characterization of DOWEX modified maghemite particles  

Structure and elemental composition of paramagnetic microparticles were characterised by electron 
microscope. For documentation of the selected nanomaterials a FEG-SEM MIRA XMU (Tescan, a.s., 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 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. The Accepted Article software enables automatic acquisition 
of selected areas with defined resolution. Different conditions were optimized in order to reach either minimum 
analysis time or maximum detail during overnight automated analysis. An accelerating voltage of 15 kV and 
beam currents about 1 nA gives satisfactory results regarding maximum throughput. 

2.4. X-ray fluorescence analysis of PMPs 

XRF elemental analysis of PMPs was carried out on Xepos (SPECTRO analytical instruments GmbH, Kleve, 
Germany) fitted with three detectors: Barkla scatter - aluminium 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. 

2.5. Preparation of microparticles   

Maghemite nanoparticles were prepared by sodium borohydride (NaBH4) reduction of iron chloride 
(FeCl3.6H2O). The product was separated by a magnet, washed with water and dried at 40 °C. Product was 
heated at 400 ºC for approximately 1 h in the muffle furnace (Verkon, Prague, Czech Republic). Product has 
a red color and was dispersed in water. To this solution was added Dowex with stirring on Biosan OS-10 
overnight. Then the product was separated by a magnet, washed with water and dried at 40 °C. 

3. RESULTS AND DISCUSSION 

Aim of our study was an mainly isolation and 2D separation of the semiessential amino acid arginine, able to 
serve as a possible marker of metastatic tumor growth inhibition, based on the adsorption on the paramagnetic 
microparticles on commercially available Dowex and subsequent determination using ion-exchange liquid 
chromatography (IEC). We modified Dowex with nanomaghemite and NH2 functional groups, and these PMPs 
showed excellent properties for binding of arginine (recovery 42.48 %) (Figure 1.A). Britton-Robinson buffer 
with pH 2 causes semiessential amino acid arginine protonation which leads to a positive charging 
of molecules due to its pI = 10.76. Interaction between surface of our magnetic microparticles and positively 
charged molecule provides the binding between them. These interactions depend on isoelectric point of amino 
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acid, which are in this mode behaving as the ion-exchangers. Other amino acids and tripeptides such as GSH 
and GSSG, showed also relatively good recoveries (serine recovery 1.1 %, leucine 10 %, sarcosine 1.3 %, 
GSSG 0.5 %,GSH 0.45 %, glutamic acid 6.7 %, glycine 0.8 %, valine 4.35 % and arginine 42.48 %, 
respectively); however, their quantity in real sample of blood are not so high to interfere during arginine binding 
to PMPs (Figure 1D). Furthermore, our second separation step - analysis using Ion Exchange 
Chromatography (IEC) - eliminates the influence of interferents to a minimum. 

 

Figure 1 Characterization of PMPs. (A) XRF showing elemental composition of paramagnetic microparticles. 
(B) SEM image in resolution of 20 µm. (C) SEM scan in resolution of 500 nm. (D) IEC results showing ability 
of PMPs bound required substances specifically. (E) SECM scan showing relative current response of PMPs 

without arginine bound. (F) SECM scan of PMPs with arginine bound showing increased relative current 
response.  

After confirmation of capability to bind amino acid arginine, we carried out a various characterization of PMPs. 
Primarily characterization was XRF analysis providing information about elemental composition 
of microparticles. In the Figure 1A can be seen that iron was determined to be the most abundant element 
(Fe represented in 54.56 %) and cobalt (Co represented 0.1772 %). This information was not surprising, 
because we carried out SECM analysis for recognition of PMPs surface relative current response changes in 
dependence on arginine binding. In Fig 1B can be seen a micrograph expressing microparticles surface and 
morphology in resolution of 20 µm for PMPs and in Figure 1C is SEM micrograph of PMP surface in resolution 
of 500 nm. In Figure 1E, F can be seen 3D images, expressing a relative current response of PMP surface 
without arginine and with arginine bound. 
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4. CONCLUSION 

In this study, we synthesized paramagnetic microparticles able to bind semiessential amino acid arginine - as 
a possible marker of metastatic tumor growth inhibition. The paramagnetic microparticles have potential to 
better isolation of arginine from the samples of plasma, cells or tissue and in future can serve for application 
as a platform for delivery system.  
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Abstract 

Heavy metals are widely used in a range of materials including paints, motor vehicles, guns, and electrical 
components. After discarding such materials, the metal ions after dissolution can penetrate to the environment 
and are toxic to plants, organisms, and humans. Among such dangerous heavy metals belongs antimony. The 
aim of presented work was to study removal efficiency of antimony from waters using ferrate (VI). The 
experiments were performed for antimony in oxidation state III and V and the influence of ferrate(VI) to 
antimony ratio on antimony removal efficiency was studied. The experiments were performed under neutral 
pH value of the reaction mixture. The antimony concentration was determined using AAS method and residual 
concentration of antimony in reaction mixture was traced within two weeks. With increasing ferrate (VI) to 
antimony ratio from 10:1 to 60:1, the removal antimony efficiency slightly increased. However, even for 
ferrate(VI)to antimony equal to 10:1, the removal efficiency was after 30 minutes and after two weeks was 
even 80 %. This means that the effectiveness of removal increase with prolonged contact time of components 
and no leaching of antimony back to aqueous solution proceed. The impact of concentration of some inorganic 
ions (nitrates, phosphates, sulfates, carbonates, and chlorides) usually present in real waters on antimony 
removal efficiency was also studied.   

Keywords: Antimony, removal, ferrate(VI), ions influence 

1. INTRODUCTION 

Heavy metals are highly resistant to environmental degradation and tend to exhibit accumulative tendencies. 
In addition, metals are mobile, depending on the surrounding water chemistry. US Environmental Protection 
Agency (EPA) regulates heavy metals and, therefore, many methods have been studied for their removal. 
Among the toxic elements belongs the also antimony. Antimony is exploited in semiconductors, infrared 
detectors and diodes [1]. Among the most famous antimony alloys are the so-called "hard lead”, found 
especially in ammunition. The lead itself without addition of antimony is too soft and unsuitable for this purpose 
and the antimony itself is too fragile [2]. The antimony is also involved in lead-acid-based automotive batteries 
electrodes or in corrosion-resistant pipes and alloys used to bearings metals which is also closely related to 
automotive industry [2], [3]. For another example, Sb2S3 is utilized in photoelectric devices or 
electrophotographic recording media and Sb2O3 is exploited in a self-extinguishing additive or as a moisturizing 
agent in brake pads [3]. Antimony oxides are used to fabrication of dyes, adhesives, plastics, rubber, ceramics, 
glass enamels, and fireworks [4] or fire protection of materials such as plastics, coatings, electronics or other 
polybrominated flame retardants [3]. Sb2O3 is also used as a catalyst in the production of polyethylene 
terephthalate (PET) [5]. Sodium antimony is used as a bleaching component, for example, for optical glasses 
in cameras or telescopes [3]. From all of the above mentioned materials or products, antimony can enter the 
aqueous and subsequently soil environment. Antimony can be found in four oxidation states: -III, 0, + III and 
+ V. The predominant oxidation states in the environment are + III and + V and these oxidation states can be 
found in natural waters. Antimony is practically almost completely present as Sb+3 ions only in strongly acidic 
solutions or under anaerobic conditions [6]. In recent years, however, interest in antimony has increased 
considerably and has been included in the list of priority environmental pollutants. The Council of the European 
Union has set this limit value under Directive 98/83/EC to a maximum of 5 μg·dm-3. Although in the natural 
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waters the concentration of antimony ranged usually from 0.01 to 5 μg·dm-3, its concentration may be 
significantly higher. The toxic properties of antimony are dependent to its form and the oxidation state. The 
antimony in oxidation state +III is about 10 times more toxic than the oxidation state +V, also the antimony in 
the oxidation state +III is more mobile in the environment [7]. Inorganic forms of antimony is more toxic than 
its compounds, organic forms, such as methylated Sb. Trivalent antimony has a high affinity for red blood cells 
and for thiol groups, but antimony in oxidation state +V is almost impermeable through red blood cells. Heavy 
metal cations generally tend to bind to the carboxyl or to the amino group, which are characteristic for genetic 
information related substances. Antimony has also been described to inhibit DNA replication [8]. The 
mutagenic or carcinogenic properties was reported, in particular antimony oxide Sb2O3 was included among 
potential carcinogens [9]. Long-term inhalation of antimony and its compounds has a dangerous impact on the 
heart, blood pressure, lung, liver, and kidneys functions [10,11]. Antimony compounds have a very harmful 
effect on pregnancy and can lead also to loss of fertility [1]. 

Adsorption, chemical precipitation, ion flotation, membrane filtration, and reverse osmosis have been used to 
remove metals from water. Among several methods, sorption/adsorption, based on iron containing 
compounds, has received greater attention because of the environmentally friendly nature and magnetically 
separable attributes of iron-containing compounds. In recent years, potassium salt of tetraoxy iron(VI) 
(K2FeO4, Fe(VI)) has emerged as an effective agent for the oxidation, disinfection, and 
coagulation/coprecipitation to remove a wide range of contaminants. Ferrate(VI) represents an 
environmentally friendly oxidant; its redox potential ranges from 2.20 V in acidic environment to 0.72 V in basic 
environment [12]. It has been reported to be effective for the treatment of various contaminants, for example, 
ibuprofen, sulfamethoxazole, phenol and cyanides, and a variety of inorganic compounds. [13,14] The rate 
of ferrate(VI) reaction with various compounds mostly varies from several milliseconds to several minutes. [15] 
The additional benefit of using ferrate(VI) lies in the fact that resulting secondary iron oxide nanoparticles can 
further serve as an efficient adsorbent for oxidized pollutants. [16] 

The aim of this work is to study of antimony (III, V) removal using ferrate(VI) treatment, investigate the influence 
of ferrate(VI) to antimony ratio and impact of the presence of inorganic ions usually present in real water on 
efficiency of antimony removal. 

2. EXPERIMENTAL 

Stock solutions of antimony at a concentration of 1000 mg L-1 were prepared using SbCl3 or SbCl5 (Sigma-
Aldrich). Inorganic Salts (NaCl, NaNO3, NaHCO3, and Na2SO4) were purchased from Sigma-Aldrich. Standard 
solutions of Sb and Fe for atomic absorption spectroscopy (AAS) measurements were prepared using 
commercial standards TraceCERT (concentration 1000 mg/L of element in nitric acid), which were purchased 
from Fluka Inc. All chemicals were used as received without any further purification. Potassium ferrate 
(K2FeO4) (>90 %, Sigma-Aldrich) was used throughout the experiments. Solutions of ferrate(VI) were prepared 
with deionized water (18 MΩ cm−1, Millipore system). 

The influence of concentration of ferrate(VI) on the removal of antimony was tested at neutral pH value. In the 
experiments, the initial concentration of antimony (III, V) was 10 mg L-1 (as elemental Sb). The concentrations 
of ferrate(VI) as Fe were varied from 100 to 600 mg L-1. In all these experiments, solutions of ferrate(VI) were 
added to the solutions of antimony (IIII, V) water in the Erlenmeyer flasks (the final volume was 100 mL). Mixed 
solutions were shaken on a conventional end-over-end shaker for 30 min, 1 week, and 2 weeks and thereafter 
filtered through 0.2 µm syringe filters. The residual concentration of antimony in the filtrate were immediately 
determined using an AAS-flame ionization technique.  

In the investigation of the effect of ions on antimony (III, V) removal efficiency using ferrate(VI), chlorides, 
nitrates, carbonates, sulfates, and phosphates were employed. After adding ferrate(VI), the pH of the solutions 
was adjusted and solution was shaken for 2 weeks. Samples for AAS analyses were taken   30 min, 1 week, 
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and 2 weeks after the mixing of the components. The concentrations of ions were in the range from 25 to 
200 mg L-1 of element in ion (i.e., chlorides ion as Cl, nitrates as N, carbonates as C, sulfate as S, and 
phosphates as P). The experiments were carried out in triplicates. 

Antimony concentrations were determined by the AAS-flame technique using a ContrAA 300 (Analytik Jena 
AG, Germany) equipped with a high-resolution Echelle double monochromator (spectral band width of 2 pm 
at 200 nm) and with a continuum radiation source (xenon lamp). The absorption line used for Sb analyses was 
206.8300 nm. TEM images of formed nanoparticles were performed by transmission electron microscopy 
(TEM) on a JEOL JEM-2010 transmission electron microscope equipped with a LaB6 cathode (accelerating 
voltage of 160 kV; point-to-point resolution of 0.194 nm). A drop of high-purity distilled water was placed onto 
a holey carbon film supported by a copper-mesh TEM grid (SPI Supplies, USA) and air-dried at room 
temperature. 

3. RESULTS AND DISCUSSION 

The K2FeO4 material was tested for the removal of antimony(III) and antimony(V) ions. The ferrate(VI) anions 
react with water which leads to in-situ formation of ferric oxides. The capacity of antimony species, as well as 
arsenic species sorption by iron oxides is generally influenced by pH value of the solution. Based on our 
previous studies with arsenic removal using ferrate(VI), we focused on experiments performed at neutral pH 
value (approx. 7). These experiments were aimed to the examination of the influence of K2FeO4 concentration 
on the efficiency of antimony removal. The initial concentration of antimony (III, V) was 10 mg L-1 (as Sb) and 
the concentrations of ferrate(VI) (referred as Fe) were varied from 100 to 600 mg L-1, i.e. that ratio of Fe:Sb 
was ranged from 10:1 to 60:1. The limit of antimony in drinking waters is 5 mg L-1. However, in some case, for 
example in mining area in China, concentrations up to 30 mg L-1 were reported.[17] The kinetics of antimony 
(III, V) removal was monitored by time-dependent changes of arsenic concentration in the solution. From the 
Figure 1 it is clear that with increasing ferrate (VI) to antimony(III) ratio from 10:1 to 60:1, the removal antimony 
efficiency slightly increased. For ferrate(VI) to antimony(III) equal to 10:1, the removal efficiency 
of antimony(III) was approximately 65 % after 30 minutes and for  higher ferrate (VI) to antimony ratio, the 
removal effectiveness reached up to almost 90 %. In the case of Sb(V), the efficiency was very similar just in 
the case of Sb(III) (Figure 2). The more important is the fact, that after 1 week and 2 weeks after mixing 
of ferrate(VI) and the antimony(III, V) the antimony concentration gradually decreased and no leaching 
of antimony back to the aqueous environment was observed (Figures 1 and 2). So, the using the ferrate(VI) 
can be an effective tool for antimony treatment in waters. The TEM image of iron nanoparticles formed after 
the reaction of ferrate(VI) in the presence of antimony(V). Concentration of ferrate(VI) was 200 mg·dm-3 (as 
Fe) and the concentration of antimony was 10 mg·dm-3 (as Sb) is shown at Figure 3 . Just in the case arsenic 
(III), also in the case of antimony(III) the fast oxidation to antimony(V) and possible incorporation of antimony 
to the structure of the formed iron oxide can be assumed.[18,19] This hypothesis needs to be confirmed by in-
field 57Fe Mössbauer spectroscopy and XPS measurement. The ionic radius of antimony is 0.076 nm, so this 
ion can be embedded into the structure of formed iron oxide just in the case of arsenic because the limit of ionic 
radii for possible incorporation is 0.092 nm.[18] In the subsequent experiment, the influence of selected ions 
(chlorides, nitrates, sulfates, carbonates, phosphates) concentrations were examined. In this type 
of experiments, the ratio of ferrate(VI) and antimony(III, V) was set up to 20:1. The concentrations of the above 
mentioned ions were ranged between 25 to 200 mg L-1 of element in ions In case of the presence of sulfates, 
nitrates, and chlorides, the efficiency of antimony (III, V) remained unchanged. Residual concentrations 
of antimony was very similar, just in the case when only antimony ( III, V) was present in the solution together 
ferrate(VI). Also of antimony concentrations decreasing with time show the same trend. The situations were 
very different in the case of presence of phosphates and carbonates. The presence of phosphates even in the 
lowest tested concentration (25 mgL) eliminates completely removal of antimony from aqueous environment. 
The carbonates influence the removal of antimony at the higher concentrations (100 and 200 mg L).      
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Figure 1 Residual concentrations of Sb for different antimony(III) to ferrate(VI) weight ratios.  
The initial concentrations of antimony(III) was 10 mg·dm-3. 

 

Figure 2 Residual concentrations of Sb for different antimony(V) to ferrate(VI) weight ratios.  
The initial concentrations of antimony(V) was 10 mg·dm-3. 
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Figure 3 TEM images of iron based particles after the reaction of ferrate(VI) in the presence of antimony(V). 

Concentration of ferrate(VI) was 200 mg·dm-3 (as Fe) and the concentration of antimony was  
10 mg·dm-3(as Sb) . 

4. CONCLUSION 

The reported study reported possibilities of antimony treatment using ferrate(VI) The achieved results have 
demonstrated that selected inorganic ions, typically present in natural waters, have different impact on removal 
of antimony(III, V) by ferrate(VI) from aqueous environment. Interestingly, ions such as chlorides, nitrates, and 
sulfates had marginal on removal efficiency of antimony by ferrate(VI). On the contrary, presence 
of phosphates and carbonates had negative influence on efficiency of antimony removal by ferrate(VI). With 
the increased concentration of phosphates, the efficiency of antimony removal was decreased.  
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Abstract 

Natural phyllosilicate montmorillonite (MMT) was intercalated by electrically conducting polymer polypyrrole in 
order to obtain nanocomposites with enhanced electrical conductivity and stability in comparison with pure 
polypyrrole (PPYR). Samples in powder form were prepared via oxidative polymerization of pyrrole in aqueous 
solution using FeCl3 as oxidizing agent. Two nanocomposites MMT/PPYR_1 and MMT/PPYR_2 containing 
32 wt.% and 45 wt.% of PPYR, respectively, were prepared and characterized. Composition of the samples 
was studied using elemental analysis and X-ray fluorescence spectroscopy, and amount of PPYR in each 
nanocomposite was calculated from results of thermogravimetric analyses. Intercalation rate was monitored 
by X-ray powder diffraction. Raman spectroscopy was used to characterize the polypyrrole in the samples. 
Electrical measurements performed over 700 days revealed the course of changes in conductivity. 
Comparison of conductivities of fresh samples showed enhancement of the conductivity and its preservation 
in the case of nanocomposites. The enhancement was observed throughout the whole testing period, the 
nanocomposites constantly exhibited higher conductivity compared to PPYR.  

Keywords: Polypyrrole, montmorillonite, intercalation, conductivity, stability 

1. INTRODUCTION  

Polypyrrole (PPYR) belongs to the family of electrically conductive polymers with π-conjugated structure. 
Although the pure PPYR itself is suitable for various practical applications, e.g. sensors [1], attention is paid to 
tuning the conductivity by preparation of PPYR-based nanocomposites. Natural layered phyllosilicate 
montmorillonite (MMT) whose interlayer cations are exchangeable via intercalation proces is very suitable for 
this purpose. These nanocomposites exhibit increased conductivity in comparison with pure PPYR [2,3]. 
Stable conductivity is an important factor for practical applications, and, in the case of pure PPYR samples, 
temperature and time dependence of conductivity has been studied [4,5]. However, these experiments are still 
rare in papers devoted to MMT/PPYR nanocomposites. Effect of thermal ageing on AC conductivity 
of chemically prepared Fe-MMT/PPYR was studied by Zidi et al. [6], and effect of ageing under ambient 
conditions (60 days) on DC conductivity of electrochemically prepared PPYR mixed with caprolactam-modified 
MMT was reported by Liu and Tsai [7]. Present work describes chemical synthesis of pure PPYR and two 
MMT/PPYR nanocomposites and their characterization. Pure unmodified Na-MMT was also characterized for 
comparison. Attention was paid to determination of PPYR amount in the nanocomposites, but the main goal 
of the experiment was to monitor the changes in conductivity of the nanocomposites and the PPYR over a 
long-time horizon of 700 days. 
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2. MATERIALS AND METHODS 

Pyrrole (C4H5N; ≥ 98 %, reagent grade) and ferric chloride (FeCl3) were used as received. Crystallochemical 
formula of the Na-MMT Portaclay® is (Al2.85Mg0.71Ti0.02Fe3+0.42) (Si8)O20(OH)4 with negative layer charge -0.69 
el. per unit cell. Size fraction < 40 μm was used. Pure PPYR was prepared via oxidative polymerization of 0.05 
mol of pyrrole by 0.1 mol FeCl3 in 250 ml of water. MMT/PPYR_1 and MMT/PPYR_2 nanocomposites were 
prepared similarly via oxidative polymerization of pyrrole (n = 0.025 or 0.05 mol) by FeCl3 (n = 0.05 or 0.1 mol) 
in 250 ml of MMT aqueous dispersion (m = 4 g). After 6 h, black solids were collected on filters by rinsing with 
distilled water and dried for 24 hours at 40 °C. Samples were stored in closable plastic vessels in the dark at 
an average room temperature of 25 °C. 

Thermogravimetric (TG) analysis was performed using Netzsch STA 409 EP thermogravimeter. Samples were 
heated up to 800 °C (10 °C/min) in dry air with a flow rate 100 cm3/min. Elemental analysis was performed 
using Vario EL Cube Elementar Analyzer with sulfanilic acid as a standard. Chlorine was determined by 
titration. Chemical composition was also determined by X-ray fluorescence spectroscopy (XRFS) using 
SPECTRO XEPOS spectrometer equipped with 50 W PdX-ray tube. Intercalation was controlled by Bruker D8 
Advance diffractometer equipped with detector VǺNTEC 1. X-ray powder diffraction (XRPD) patterns were 
obtained in reflection mode under CoKα radiation (λ = 1.7889 Å). Raman microspectroscopy was performed 
using Raman microscope XploRATM, Horiba Jobin Yvon, equipped with 785 nm excitation laser source, with 
50× objective and using 600 gr/mm grating. Acquisition time was set to 30 s with ten repetitions. Electrical 
measurements of powder samples (V ~ 60 mm3; height of column ~ 5 mm) were performed using home made 
device equipped with measuring card PCI-6221. Electric current passing through the sample between two 
polished Cu electrodes under the constant voltage U = 1 V (DC voltage source HY3003D) was measured for 
600 s and the mean value was used to calculate the conductivity. Each measurement was repeated five times 
in order to obtain average conductivity value. 

3. RESULTS AND DISCUSSION 

3.1. Composition of samples  

XRFS analysis revealed increasing Cl content in MMT/PPYR nanocomposites compared to pure MMT 
(Table 1). This finding together with decrease in amount of other analytes and increase in LOI values suggests 
expected increase in PPYR amount in the nanocomposites.  

Table 1 Composition of samples according to XRFS analysis. LOI - loss on ignition. 

sample 
Al2O3 
(wt.%) 

Cl (wt.%) 
Fe2O3 
(wt.%) 

MgO (wt.%) SiO2 (wt.%) SO3 (wt.%) 
LOI 

(wt.%) 

MMT 19.4±2.3 0.02±0.01 3.81±0.75 3.22±0.54 56.7±1.4 0.68±0.12 11.9 

MMT/PPYR_1 13.0±2.0 3.39±1.13 3.18±0.07 2.47±0.37 41.5±6.3 0.23±0.07 34.2 

MMT/PPYR_2 10.2±1.6 5.71±0.86 2.56±0.39 2.32±0.35 30.5±4.6 0.08±0.01 43.7 

TG analysis in temperature range 30-800 °C (Table 2) showed four temperature intervals of weight loss for 
pure MMT. The first two intervals can be attributed to loss of water adsorbed on MMT surface and loss of water 
in the MMT interlayer space, respectively. No weight loss was detected in the third interval. Weight loss in the 
last interval is caused by dehydroxylation of the MMT [8]. Total weight loss of the MMT was 7.8 wt.%. In the 
case of PPYR sample, two temperature intervals of weight loss were observed (Table 2). The first one 
corresponds to loss of water, and the second one can be attributed to PPYR degradation. This observation 
agrees with previously reported experiments [2]. Total weight loss of the PPYR was 90.6 wt.%. Weight losses 
of the nanocomposites in the first two intervals were similar to the MMT. However, unlike the MMT, significant 
weight loss was observed in the third interval (Table 2). This can be attributed to the decomposition of PPYR 
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in the nanonocomposite. Since the weight loss in the last interval is higher in comparison with pure MMT, 
simultaneous dehydroxylation of MMT and additional decomposition of PPYR can be expected. 

Table 2 Weight losses of MMT, PPYR, and MMT/PPYR nanocomposites according to TG analysis. Only two  
 intervals of weight loss were observed for PPYR. 

sample Δm30-110°C (wt.%) Δm110-200°C (wt.%) Δm200-580°C (wt.%) Δm580-800°C (wt.%) 

MMT 3.8 1.0 0.0 3.0 

PPYR 4.4 86.2 

MMT/PPYR_1 2.1 1.4 32.1 8.1 

MMT/PPYR_2 3.1 1.5 44.9 3.2 

Rough estimation of the PPYR amount in the nanocomposites according to the third interval in Table 2 was 
refined by calculation using the following formula [9]: 

MMTPPYRPPYRPPYRPPYRMMT mwmwm ∆⋅−+∆⋅=∆ )1(/                                                                                    (1) 

where ΔmMMT/PPYR is the residue of MMT/PPYR nanocomposite after heating (wt.%), wPPYR is the proportion 
of PPYR (wt.%), ΔmPPYR is the residue of PPYR after heating (wt.%), and ΔmMMT is the residue of MMT after 
heating (wt.%). Calculated amount of PPYR, i.e., 31.9 wt.% and 44.7 wt.% for MMT/PPYR_1 and 
MMT/PPYR_2, respectively, is not only very close to the initial estimation but is also in good agreement with 
data obtained from elemental analysis (Table 3).  

Table 3 Elemental analysis of MMT/PPYR nanocomposites 

sample  C (wt.%) H (wt.%) N (wt.%) S (wt.%) Cl (wt.%) 

MMT/PPYR_1 18.49±0.06 2.226±0.014 5.318±0.008 0.156±0.005 4.17±0.14 

MMT/PPYR_2 28.22±0.03 2.710±0.002 8.157±0.019 0.120±0.002 5.59±0.08 

Elemental analysis confirmed presence of all elements contained in PPYR (Table 3). Small amount of S 
originates from the MMT as revealed by XRFS (Table 1). Total amount of C, H, N, and Cl for MMT/PPYR_1 
and MMT/PPYR_2, i.e., 30.20 wt.% and 44.67 wt.%, respectively, agrees well with PPYR amounts obtained 
from TG analysis using Eq. (1). While the C/N ratio in PPYR is ideally equal to 3.43, values 3.48 and 3.46 were 
found for MMT/PPYR_1 and MMT/PPYR_2, respectively. This result shows successful polymerization.  

3.2. Monitoring the intercalation  

Original MMT sample exhibits asymmetric shape of (001) basal reflection having FWHM = 0.94 °2θ. Quite 
regular arragement of part of the MMT layers with d001 = 12.569 Å (Figure 2a) corresponds with presence 
of hydrated Na+ cations in the MMT interlayer space [10], however, another part of the MMT layers exhibits 
less regular arrangement (6.0-7.5 °2θ in Figure 2a). Significant increase in basal distances observed for 
nanocomposites suggests that the intercalated structure was successfully prepared (Figure 2a). Finding that 
basal distance of the MMT/PPYR_1 (d001 = 17.631 Å; FWHM = 1.17 °2θ) is higher than basal distance of the 
MMT/PPYR_2 (d001 = 15.315 Å; FWHM = 1.50 °2θ) led to repeated preparation of both nanocomposites, 
however, the same result was obtained. It can be explained by rapid reaction of pyrrole with FeCl3, which in 
the case of MMT/PPYR_2 with higher content of these compounds in the reaction mixture leads to disorder in 
arrangement of MMT layers and to lower intercalation. The explanation is supported by both lower intensity 
of (001) basal reflection and higher FWHM value of the MMT/PPYR_2. XRPD analyses of prepared 
nanocomposites were performed three times during the experiment: 1 day, 303 days, and 700 days after 
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preparation. No significant differences were found, d001 values varied only in tenths of angstrom. For 
illustration, basal reflections of the MMT/PPYR_1 nanocomposite are shown in Figure 2b. 

 

Figure 1 (a) XRPD profiles of (001) basal reflections for pure MMT (black), MMT/PPYR_1 (blue), and 
MMT/PPYR_2 (red) measured 1 day after preparation. (b) Comparison of (001) basal reflections for 

MMT/PPYR_1 over time. ■ 1 day, d001 = 17.631 Å; ● 303 days, d001 = 17.801 Å;▲ 700 days, d001 = 17.714 Å. 

3.3. Electrical conductivity and Raman spectroscopy 

Electrical measurements of fresh samples performed one day after preparation showed enhancement of the 
conductivity in the case of nanocomposites (σPPYR = 21.7±1.5 S/m, σMMT/PPYR_1 = 49.1±6.5 S/m, σMMT/PPYR_2 = 
41.1±5.2 S/m; see Figure 2). Although the decrease of initial conductivities is obvious for all samples 
throughout the whole testing period, MMT/PPYR_1 and MMT/PPYR_2 nanocomposites constantly exhibited 
higher conductivity compared to pure PPYR. After 700 days, conductivities σPPYR = 0.7±0.03 S/m, σMMT/PPYR_1 
= 21.2±1.7 S/m, and σMMT/PPYR_2 = 24.1±4.7 S/m were obtained (Figure 2). Concerning preservation of the 
conductivity, the PPYR exhibits only 3 % of the original value after 700 days, while the MMT/PPYR_1 and 
MMT/PPYR_2 nanocomposites exhibit 45 % and 54 %, respectively, after the same time period.  

 

Figure 2 Changes in electrical conductivity of pure PPYR (black), MMT/PPYR_1 (blue), and MMT/PPYR_2 
(red) monitored over a long time horizon of 700 days 
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A drop below 50 % of the original conductivity was recorded on both PPYR and MMT/PPYR_1 samples 
between the 1st and the 32nd day. While the conductivity of the PPYR further decreased, the conductivity of the 
MMT/PPYR_1 sample was preserved until the end of the experiment (32nd - 700th day; Figure 2). Average 
value calculated from five mean conductivities during this period is 20.7±1.2 S/m. Conductivity of the 
MMT/PPYR_2 sample was relatively stable from the 10th to the 303rd day (Figure 2), and the average value 
calculated from four mean conductivities of the MMT/PPYR_2 during this period is 33.9±1.7 S/m.  

Raman spectra, measured in the 1st and the 700th day, are shown in Figure 3. All characteristic bands of PPYR 
are present [11,12], however, MMT bands are not visible due to the MMT fluorescence. The spectra of fresh 
samples (the 1st day; Figure 3a) showed that the pure PPYR sample is less conductive compared to 
MMT/PPYR_1 and MMT/PPYR_2 samples, because band of C=C and C-C stretching related to oxidation 
state of the polymer (marked with ▼in Figure 3) is shifted to the highest wavenumbers [11,12]. The lowest 
wavenumber of this band detected for the sample MMT/PPYR_1 indicate the highest conductivity. Also, the 
more intensive band of C-H in-plane deformation vibrations in radical cation units in protonated polypyrrole 
(marked with �) in comparison with band of C-H in-plane deformations in the neutral units of polypyrrole base 
(marked with �) is connected to the better protonation of the sample MMT/PPYR_1 (see Figure 3a) [11,12]. 
This is in good agreement with electrical measurements (Figure 2). 

 

Figure 3 Raman spectra of pure PPYR (black), MMT/PPYR_1 (blue), and MMT/PPYR_2 (red) measured 1 
day after preparation (a) and 700 days after preparation (b) 

Raman spectra measured after 700 days (Figure 3b) are noisier and their overall intensities are lower 
compared to spectra from the 1st day. The band � is still more intensive than the band � in spectrum of the 
MMT/PPYR_1 (Figure 3b), and the band of neutral C-C ring stretching vibrations related to of reduced units 
(denoted as ■ in Figure 3b) appeared in spectrum of the MMT/PPYR_2. This should indicate the highest 
conductivity of the MMT/PPYR_1 sample [11,12], however, the wavenumber of the band ▼ is higher 
compared to spectrum of the MMT/PPYR_2 sample (Figure 3b) suggesting lower conductivity. Conductivity 
can be, therefore, considered equal, which agrees with electrical measurements (Figure 2). 

4. CONCLUSION 

Two nanocomposites MMT/PPYR_1 and MMT/PPYR_2 containing 32 wt.% and 45 wt.% of PPYR, 
respectively, were succesfully prepared by intercalation of MMT. Composition and structure of the 
nanocomposites and pure components, i.e., PPYR and MMT, were studied using XRFS, TGA, elemental 
analysis, XRPD, and Raman spectroscopy. Electrical conductivity of the samples was monitored over 700 
days, and higher conductivity of the nanocomposites and significantly lower decrease in the conductivity 
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compared to pure PPYR were observed. After 700 days, the conductivity of MMT/PPYR_1 and MMT/PPYR_2 
decreased by 55 % and 46 %, respectively, while the conductivity of pure PPYR decreased by 97 %. Stable 
conductivity is important for practical applications. Conductivity of the MMT/PPYR_1 was stable between 32nd 
and 700th day, i.e., for 668 days, and the average conductivity during this period was σaverage = 20.7±1.2 S/m. 
For the MMT/PPYR_2, the stability in conductivity was observed between 10th and 303rd day day, i.e., for 293 
days, and the average conductivity during this period was σaverage = 33.9±1.7 S/m. 
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Abstract  

The plasma enhanced chemical vapour deposition was combined with in situ deposition of Ge and Sn thin film 
by evaporation technique at surface temperature about 220 °C to form nanoparticles on the surface 
of hydrogenated silicon thin films to prepare diodes. Formation of nanoparticles was additionally stimulated by 
plasma treatment through a low pressure hydrogen glow discharge. The diodes based on PIN diode structures 
with and without the embedded Ge or Sn nanoparticles were characterized by temperature dependence 
of electrical conductivity, activation energy of conductivity, measurement of volt-ampere characteristics in dark 
and under solar illumination.  

Keywords: a-Si:H, Ge NPs, Sn NPs, diode structures, I-V characteristics  

1. INTRODUCTION 

The efficiency and stability improvement of inexpensive solar cells based on amorphous hydrogenated silicon 
(a-Si:H) were very attractive are actual up to now. The question how to increase too weak photo- and electro-
luminescence of amorphous hydrogenated silicon is open too. Our effort is focused on a possibility to deposit 
in situ amorphous or microcrystalline Si:H thin films with embedded nanoparticles (NPs). We choose the 
semiconductors which band gap is below the band gap of a-Si:H. For it we develop new deposition systems, 
which allow combine convenient deposition techniques. In this contribution we pay attention to germanium, 
but in the contrary with lot of published attempts to apply a-SixGey:H alloys in the photovoltaic [1,2], even the 
a-SixSny:H alloys were studied [3], we prefer form of Ge nanoparticles (Ge NPs) integrated into intrinsic a-Si:H 
structure. Special attention we paid to behaviour of tin. Ge NPs and tin nanoparticles (Sn NPs) were 
encapsulated in a-Si:H thin films to improve optoelectronic properties of this thin layer structures. Presented 
work has continuity on previous published results [4 - 8]. 

2. EXPERIMENTAL 

The intrinsic a-Si:H film was deposited by plasma enhanced chemical vapour deposition (PECVD) technique 
on a fused silica glass substrates size 10x5 mm at surface deposition temperature 220 °C. During interruption 
of PECVD the vacuum chamber was pumped up to 10-5 Pa and on the a-Si:H surface the germanium or tin 
films were evaporated in the thickness of 1 nm. The elements formed isolated NPs on the a-Si:H surface with 
support of hydrogen plasma treatment. Then the deposited NPs were covered and stabilized by a-Si:H layer 
by PECVD. Both deposition processes were alternated 5 times. Finally on the surface were evaporated two 
titanium strips with the distance 2 mm. By this way were deposited samples with Ge NPs - 3K93 and samples 
with embedded Sn NPs - 3K78, 3K79 and 3K80. Those alloys with integrated Ge or Sn NPs with the co-planar 
configuration of electrodes were characterized by measurement of temperature dependence of electrical 
conductivity. On the Corning glasses covered by transparent conductive layer (ITO) after previous deposition 
of p-type of a-Si:H. were deposited a-Si:H films which were immediately in situ covered by Ge or Sn 
nanoparticles. The NPs were formed on a-Si:H surface during Vacuum Evaporation (VE) of Ge thin film with 
thickness 1 nm and Sn thin films with thicknesses 1 or 0.3 nm. By this way were deposited final PIN diode 
structures 3K95 with Ge NPs and 3K90 and 3K91 with embedded Sn NPs - see Figure 1.  
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Figure 1 Schematic illustration of PIN diode structures with embedded NPs and photography of the size 
10x5 mm sample with 12 diodes. Ge NPs were embedded in the intrinsic layer in 1/4, 1/2 and 3/4 of its 

thickness, the Sn NPs only in the 1/2 of its thickness. 

3. RESULTS AND DISCUSSION 

For characterization of semiconductors the temperature dependence of electrical conductivity i.e. Arrhenius 
plot is important measurement, see Figure 2. While the integration of Ge NPs increases the conductivity and 
decreases the activation energy of conductivity only little, the effect of Sn NPs is marked in changes 
of activation energy. The relatively light increases of conductivities at the room temperature 293 K for samples 
with Sn NPs proved the NPs are well mutually insulated by a-Si:H thin film. 

 

Figure 2 Temperature measurement of electrical conductivity (Arrhenius plot) of reference samples and 
samples with 5 times integrated monolayers of Ge (left picture) and Sn NPs (right picture) 

In the case of measurement of I-V characteristics we compare two diode structures with and without Ge or Sn 
NPs. Here the deposition and creation of Ge NPs was repeated 3 times for one diode and at same time for 
second diode the deposition process of a-Si:H was interrupted only. The measurement of I-V characteristics 
in dark gives the first results, both currents (reverse and forward) increased, see Figure 3. 
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Figure 3 I-V characteristics of PIN diode measured in dark with 3 evaporated Ge monolayers of thickness 
1.0 nm. Monolayers of formed Ge NPs are in the middle and at 1/4 and 3/4 of intrinsic a-Si:H thin film (3K95 

- left picture), one monolayer of Sn NPs is only in the middle of a-Si:H  
(3K90 and 3K91 - right picture). 

Most important is the measurement under illumination by solar simulator. From the results shown on the 
Figure 4. we conclude the Voltage open current (Voc = 0.67 - 0.68 V) is same for both PIN diodes and as well 
as the Fill Factor (FF = 64) does not change too. 

Figure 4 I-V characteristics of PIN diodes (3K95) measured under illumination by solar simulator. Requested 
effect of Ge NPs on the characteristic parameters of PV elements is demonstrated by increase of Isc while 
Voc and FF are without changes (see left picture) and as well as measurement of PIN diodes (3K90 and 

3K91 - right picture) with embedded Sn NPs with different sizes. 

Positive effect of Ge NPs we observe on short circle Current (Isc increases from 52 to 58 µA), for small 
photovoltaic element size 0.64 mm2. On the contrary the integration of Sn NPs if the evaporated thickness was 
same i.e. 1 nm the effect on the basic parameters of diodes was negative while the smaller size of Sn NPs 
(evaporated thickness 0.3 eV) leads toward an increase of those characteristics values. 
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4. CONCLUSION 

In this contribution we demonstrate possibility to integrate Ge or Sn NPs to intrinsic layer of PIN diodes on the 
base of a-Si:H thin films. Although the measurements in dark of I-V characteristics of the diode structures show 
negative effect on the reverse current the increase of forward current is positive. The most important result 
which we introduce here is the increase of Isc if the Germanium is in the form of NPs embedded in diode 
structures while the Uoc and FF remain same. The integration of Ge NPs leads toward the requested increase 
efficiency of very thin film PV elements which are only a few tenths of nm. In the case of metallic Sn NPs we 
demonstrate surprising result - although the influence on diode parameters is negative, the character of diodes 
were preserved. The negative impact of NPs increases with the increase of NPs size. 
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Abstract  

This paper deals with the analysis of the distribution of the electric field around the spinning electrodes used 
for the production of nanofibres by the AC-electrospinning method. Understanding the behavior of the 
electrostatic field around the electrodes is an important part for design a spinning device. The performed 
analyzes were carried out depending on the previously performed optimization of the shape of the spherical 
electrode, which ensures a uniform distribution of the intensity of the electric field across the functional surface 
of the electrode. Analyzes were performed for multiple diameters of the spherical electrode and the 
dependence of the intensity of the electric field on the electrode diameter was monitored. Furthermore, the 
electrical voltage dependence on the electrode diameter and surface was monitored at the same electric field 
strength. 

Keywords: Electric field, spinning electrode, spinning process, electrospinning 

1. INTRODUCTION 

This article builds on the research that was described in the paper "Analysis and optimization of the ball-
shaped electrodes designed for AC-electrospinning" published at Nanocon 2016 [1]. The article describes the 
optimization of the shape of a spherical 
electrode designed for the production 
of nanofibers by the method AC-
electrospinning, which was developed at 
the Technical University of Liberec [2]. 
The optimization was performed to 
achieve a uniform distribution of the 
electric field on the ball surface of the 
electrode. [1] Figure 1 shows the result 
of the electric field simulation for an 
optimized electrode, taken from [1]. This 
shape was used as the default for further 
simulations. Simulations were performed 
for electrodes of different diameters and 
the electric field dependence on the size 
of the spherical head of the electrode 
was monitored. As described above, for 
the stability of the electrospinning 
process, it is important that the intensity 
be evenly distributed throughout the ball 
head, so that the electrode shapes for all 
the analyzed diameters are optimized. Figure 1 optimized electrode [1] 
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2. SIMULATION 

Figure 2 shows a cross section of the electrode. The electrode 
is formed by a tube which is provided with a spherical spinning 
head at its upper end. As can be seen from the Figure 2, the 
head is not an accurate sphere, but it is made up of four 
radiuses. (R1, R2, R3, R4) Changing the magnitude of these 
radii was done by optimizing the shape so that the electric field 
was evenly distributed throughout the electrode head. 
Simulations were made for four different outer diameters of the 
electrode head (φD), specifically for diameters 11, 13, 15 and 17 
mm. For all simulations performed, the same regional conditions 
were selected. An electrical voltage of 25 kV was applied to the 
electrode. In the distant surroundings of the spherical shape a 
voltage of 0 V was entered. Steel was chosen as the material 
of the electrode. Next, a thin layer of PVB polymer was imitated 
on the electrode surface. Surrounding of the electrode is air. 
Figures 3 and 4 show the results of simulated for all optimized 
electrode shapes. The results show that the electric is evenly 
distributed in the ball head. The intensity at the point of transition 
of the spherical part to the pipe rapidly decreases. This part 
of the electrode is not functional for the spinning because the 
intensity values in this part are so small that there is no fiber 
production. Only the head of the electrode is therefore important 

 

a) b) 

Figure 3 Simulation results, a) diameter 11 mm, b) diameter 13 mm 

Figure 2 shape of electrode  
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Figure 4 Simulation results, a) diameter 15 mm, b) diameter 17 mm  

a) b) 

Figure 5 distribution of electric field  
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3. CONCLUSION 

It follows from these simulations that the optimization of the shape of the electrode for the purpose of uniformity 
of the electric field can be done for more diameters of the electrodes. Further, it is observable from the graphs 
of Figures 5 and 6 that with the increasing diameter the values of the electric field intensity on the surface 
of the electrode decrease. The values in the graph in Figure 6 are obtained as the average of the electrode 
head values in the range where the electric field values are uniform. The electric field value is important for 
the stability and efficiency of the electrospinning process and also affects the resulting fibers. With an 
increasing electric field, the efficiency of the electrospinning process increases. Simulation results show that it 
is better to use smaller diameters of the electrodes for higher production efficiency. However, the surface area 
of the electrode also influence the efficiency of the process because more fibers are produced on the larger 
surface. Therefore, it would be advisable to devote this task in the future to laboratory measurements. 
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Figure 6 Electric field dependence on diameter of electrode 
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Abstract 

At present, treatment of surface, underground and waste water is viewed as a high priority and many studies 
deal with this issue. Water can be contaminated by organic pollutants, inorganic pollutants, toxic, heavy metals 
and their compounds, and many other substances that do not degrade to non-toxic compounds in natural 
waters. Therefore, it is necessary to prevent accumulation of these substances in water and remove them from 
environment.  

In this respect, iron compounds in the high oxidation state (IV, V and VI), called ferrates, are very promising 
materials to water treatment. Especially, ferrates are able to remove hormones, such as estrogen, or 
medicines, for example antibiotics, from water. Reactions of ferrates with pollutants occur very quickly and 
thus, it is difficult to monitor the course of the reaction.  

This study brings a deeper insight into the mechanism of ferrate reactions with pollutants because, thanks to 
Mössbauer spectroscopy, we are able to in-situ observe the course of the reaction. Moreover, analyzing the 
input materials, intermediates and also final products of reaction is possible once this technique is employed. 
In this regard, the application of Mössbauer spectroscopy for monitoring the reaction of ferrate(VI) with arsenic 
for removal of arsenic from environment is mentioned. 

Keywords: Water treatment, ferrates, Mössbauer spectroscopy 

1. INTRODUCTION 

Currently, many studies are focused on cleaning and treatment of water. There is no wonder as, a large 
increase in human and industrial activity (i.e., industrial production, traffic, agriculture, extraction, chemical 
disasters, etc.) leads to increased contamination of groundwater and surface water. In this context, water can 
be contaminated by toxic, heavy metals and their compounds, organic pollutants (e.g., insecticides, herbicides, 
petroleum derivatives, solvents, medicaments, etc.) or inorganic pollutants (e.g., acids, ammonia, DDT, 
polychlorinated biphenyls, nitrogen, phosphorus, mercury, etc.). Many of these pollutants do not naturally 
decompose to non-toxic compounds in water. For this reason, a significant attention is currently devoted to 
the search for new methods and materials for the rapid, efficient and, as far as possible, a universal way 
of decontamination of water. Therefore, iron-based technologies still capture an eminent interest in the 
scientific community, especially, because they are environmentally friendly and use an Earth-abundant 
material. In addition, some materials containing iron are magnetic and their removing or recycling after 
culmination of the treatment process from environment is easier and less problematic. [1,2] 

Iron occurs in several valence states (i.e., 0, II, III, IV, V and VI). In other words, it exists as metallic iron (Fe(0)), 
ferrous (Fe(II)), and ferric (Fe(III)) forms in the nature. Moreover, higher oxidation states of iron, such as +IV, 
+V and +VI, can be synthesized. These compounds of iron, where the Fe atom is in a higher oxidation state, 
with oxidation number +IV, +V or +VI, are generally called ferrates. These compounds comprise FeO44- (Fe+IV), 
FeO43- (Fe+V), and FeO42- (Fe+VI) ions. Recent studies have shown that ferrates are very promising materials 
for decontamination of water. They have a strong oxidation properties; in this respect, ferrate(VI) is the most 
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powerful and most used agent. The stability and reactivity of the ferrates is dependent on pH and initial ferrate 
concentration of the solution, as well as on the presence of foreign ions in solution. Ferrates are the most 
stable in range of pH from 9.4 to 9.7. More dilute solutions of the ferrate ions are more stable, which means, 
that the stability of ferrates decreases with increasing concentration of ferrates solutions. Currently, a 
significant scientific interest is devoted to the +VI oxidation state of iron (Fe(VI)) because of its potential use 
as a "greener" oxidant for organic synthesis, a water oxidation catalyst and in treatment contaminants and 
toxins in water and wastewater. [1,3,4,5] 

As already mentioned, ferrate(VI) is the most widely used due to strong oxidizing properties. It exhibits a 
reduction potential of 2.2 V in acidic medium; the reduction potential decrease to 0.7 V in alkaline solution. 
Maximum performance is thus achieved in an acidic or a neutral environment. Ferrate(VI) can easily oxidize 
different organic contaminants and effectively inactive microorganisms or bacterial indicators. Ferrate(VI) can 
also remove metal and metalloid contaminants. Together with the reduction of Fe(VI) to Fe(III), coagulation 
and precipitation of certain pollutants is observed. The main advantage of the use of ferrates in water treatment 
is that ferrates have a disinfecting effect and the resulting reaction products are nontoxic. They have a versatile 
use, always combining several reaction processes. Ferrates remove also micropollutants, estrogens or 
antibiotics. Small doses of ferrates are enough for their application in water purification. [2,3,6] 

Despite a very wide range of possible applications, the real utilization of ferrates in practice in greater amounts 
is hindered by their instability. Ferrate(VI) salts are comparatively stable for quite a long time in the case they 
are stored in a dry atmosphere. Otherwise, ferrates are very unstable in water, and ferrate(VI) is reduced to a 
compound containing iron in oxidation state +III (Fe+III), which is much more stable. As already mentioned, 
ferrates are very promising materials, but for real application of these materials in water treatment and others, 
is necessary, at first, to understand the reaction mechanisms between these compounds and pollutants. 
Reactions between pollutants and ferrates are very fast and it is difficult to in-situ monitor their course. 
Fortunately, this obstacle can be overcome by 57Fe Mössbauer spectroscopy. This contribution thus introduces 
57Fe Mössbauer spectroscopy as a powerful tool to describe and monitor the reaction mechanisms and also 
to analyze precursors and intermediate and final products. 57Fe Mössbaeur spectroscopy is presented as a 
main technique for assessment of sample purity and identifying the intermediate states during transformation 
from Fe(VI) to Fe(III) as it provides distinguishing between various valence states of iron based on their 
Mössbauer hyperfine parameters. [3] 

More specifically, the methodology of 57Fe Mössbauer spectroscopy is described here for ferrate research. 
The Mössbauer parameters of oxidation states (+III, +IV, +V and +VI) of iron are also listed. Further, the 
preparation of ferrates and characterization of the precursors and reaction products are described. Finally, an 
example of ferrate(VI) application for removing arsenic from the environment is briefly outlined. 

2. METODOLOGY OF MÖSSBAUER SPECTROSCOPY FOR INVESTIGATION OF FERRATES 
REACTION MECHANISM  

2.1. Mössbauer spectrum and hyperfine parameters of ferrates 

Mössbaeur spectroscopy represents a unique technique to distinguish different oxidation states of iron using 
the values of the isomer shift (δ). The δ values are very sensitive to the oxidation state of iron. Then, the 
differences in the position of the Mössbauer resonant lines of ferrates(IV, V, VI) and iron(III) in the velocity 
ranges are observed (Figure 1a). 

The typical 57Fe Mössbauer spectrum of iron(III), that is usually the final product of reactions of pollutants with 
ferrates, is shown in Figure 1a) on the top. The spectrum contains a doublet with the value of isomer shift δ = 
0.35 ± 0.05 mm/s and the value of quadrupole splitting ΔEQ = 0.70 ± 0.05 mm/s. For ferrate(IV), a doublet is 
typically observed with the value of isomer shift δ = - 0.25 ± 0.05 mm/s and the value of quadrupole splitting 
ΔEQ = 0.20 ± 0.05 mm/s. Ferrate(V) also gives a doublet with the isomer shift δ  = - 0.45 ± 0.05 mm/s and 
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quadrupole splitting ΔEQ = 0.80 mm/s and the ferrate(VI) exhibits singlet with the value of isomer shift δ = - 
0.90 ± 0.05 mm/s. In Figure 1b), the diagram with ranges of the isomer shift values observed for iron-
containing compounds is displayed. Information on the values of the Mössbauer hyperfine parameters for each 
oxidation state is necessary to know to subsequently determine a composition of a characterized compound. 

 

Figure 1 a) Representative 57Fe Mössbauer spectrum of Fe(III), Fe(IV), Fe(V) and Fe(VI) at room 
temperature, without an external magnetic field. In the lower left corner, respective Mössbauer hyperfine 

parameters, such as isomer shift (δ) and quadrupole splitting (ΔEQ) are displayed for each case. b) Diagram 
of isomer shift values observed for iron-containing compounds in various oxidation states at room 

temperature. The isomer shift values are referred to metallic α-Fe at room temperature. [8] 
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2.2. Preparation of ferrates 

In general, three methods are often used to synthesize ferrates. The first method involves dry oxidation by 
heating a mixture of iron(III) oxides under strongly alkaline conditions and in the presence of oxygen. For 
example, adopting this strategy K2FeO4 (i.e., ferrate(VI)) can be prepared using heating of iron(III) oxides and 
potassium nitrate over 1100 °C. To synthesize Na2FeO4 (i.e., ferrate(VI)), a protocol involving heating 
of iron(III) oxides and sodium peroxide at 600 °C can be exploited. Then, the Na4FeO4 (i.e., ferrate(IV)) can 
be obtained by heating of iron(III) oxide and sodium peroxide at 370 °C. Generally, dry methods involve mixing 
ferric salt, often iron oxide, with alkali peroxide (Na2O2, K2O2) at high temperatures. Depending on the 
composition of the reaction mixture (Fe, Na, and O2) and temperature, ferrate(IV), ferrate(V) or ferrate(IV) can 
be prepared. The second method to synthesize ferrates is based on wet oxidation, when iron(III) oxides or 
their salts are oxidized by an oxidant (e.g., potassium hypochlorite, sodium hypochlorite, ozone, etc.) in strong 
alkaline environment. Na2FeO4 can be synthesized using sodium hydroxide. K2FeO4 can be then precipitated 
from the solution by subsequent adding of potassium hydroxide to the Na2FeO4 solution. Using dry methods, 
various ferrates(VI) can be prepared, such as Cs2FeO4, RbFeO4, BaFeO4, SrFeO4, and others. Third strategy 
for preparation of ferrates involves electro-chemical methods of anodic oxidation. Iron or iron salts are selected 
as an anode and sodium or potassium hydroxides are used as an electrolyte. The advantage of this approach 
for the synthesis of ferrates is often connected with the efficiency and quality, i.e., the yield of the reaction and 
the phase purity of the final products. The drawbacks include the complexity of the method and financial 
costs. [1,7] 

Based on the study [9] (see the experimental section there for more details) Na4FeO4 - Fe(IV) and K3FeO4 - 
Fe(V) salts were prepared and the reproducibility of the solid state synthesis has been verified by 57Fe 
Mössbauer spectroscopy and X-ray powder diffraction. The following values are referred to metallic α-Fe at 
room temperature. At first, ferrate(IV), Na4FeO4, was synthesized following the reaction Equation 1, i.e.,  

2 2 2 3 4 4 28 2 4 3Na O Fe O Na FeO O+ → +  (1) 

The reaction took place in a glovebox, where Na2O2 was grinded to a powder. Then, Fe2O3 was added to 
Na2O2 and homogenized and heated to 400 °C for hour. After cooling down to room temperature, analyzes 
were performed. The room-temperature 57Fe Mössbauer spectrum of Na4FeO4 features a doublet with the 
isomer shift δ = - 0.23 ± 0.05 mm/s and the quadrupole splitting ΔEQ = 0.41 ± 0.05 mm/s. Based on the results 
from 57Fe Mössbauer spectroscopy, the amount of Fe(IV) was 94 at.% and Fe(III) 6 at.%. The X-ray powder 
diffraction determined the purity of the sample, i.e., the amount of Fe(IV), higher than 90 at.% in accordance 
with 57Fe Mössbauer spectroscopy measurements. At the top of Figure 2, 57Fe Mössbauer spectrum (a)) and 
X-ray diffraction pattern (b)) of synthesized Na4FeO4 are shown. To prepare Fe(V), the two-steps reaction 
process was performed (reaction Equation 2 and Equation 3).  

( ) 3 2

III

x xy
Fe O OH KNO KFeO NO+ → +  (2) 

2 3 3 4 22 2KFeO KNO K FeO NO+ → +  (3) 

At first, homogenized mixture of KNO3 and FeIIIOx(OH)y was heated up to 950 °C for 30 minutes. After cooled 
down, the KFeO2 was observed and then, in the second step, the KFeO2 was added to KNO3. This mixture 
was again homogenized and heated up to 1000 °C in presence of nitrogen. After that, the prepared K3FeO4 
was frozen using liquid nitrogen. The room-temperature 57Fe Mössbauer spectrum of K3FeO4 shows a doublet 
with the isomer shift δ = - 0.52 ± 0.05 mm/s and the quadrupole splitting ΔEQ = 0.88 ± 0.05 mm/s. In the middle 
of Figure 2, the 57Fe Mössbauer spectrum (c)) and X-ray diffraction pattern (d)) of synthesized K3FeO4 are 
displayed. The X-ray powder diffraction again determined the purity of the sample, i.e. the amount of Fe(V), 
higher than 90 at.%. Based on the analysis of the respective 57Fe Mössbauer spectrum, the amount of Fe(V) 
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was 93 at.% and the amount of Fe(III) was 7 at.%. Using 57Fe Mössbauer spectroscopy, it is also feasible to 
check the quality of potassium ferrate(VI), with declared purity higher than 95 %, from Sigma-Aldrich. This 
ferrate is usually used in applications for water treatment. At the bottom of the Figure 2, the 57Fe Mössbauer 
spectrum (e)) and X-ray diffraction pattern (f)) of K2FeO4 are shown. The respective 57Fe Mössbauer spectrum 
of K2FeO4 features a singlet with the isomer shift δ = - 0.89 ± 0.05 mm/s. The X-ray powder diffraction and 
also 57Fe Mössbauer spectroscopy determined 96 at.% of Fe(VI) and 4 at.% of Fe(III). [9] 

 

Figure 2 a) 57Fe Mössbauer spectrum of Na4FeO4 - Fe(IV), b) X-ray diffraction pattern of synthesized 
Na4FeO4, c) 57Fe Mössbauer spectrum of K3FeO4 - Fe(V), d) X-ray diffraction pattern of synthesized K3FeO4, 

e)  57Fe Mössbauer spectrum of K2FeO4 - Fe(VI), f) X-ray diffraction pattern of synthesized K2FeO4. [9] 

2.3. Reactions of ferrates 

As already mentioned, ferrates have a high reduction potential. Thus, they are equipped with powerful 
oxidation properties; among them ferrate(VI) is the most strongest oxidant. Due to this feature, ferrate(VI) is 
the most used agent from group of ferrates. Ferrate(VI) has a reduction potential of 2.2 V in acidic medium 
and the reduction potential equals to 0.7 V in alkaline medium. Below, the equations of reactions of ferrate(VI) 
in the alkaline solution (Equation 4) and in the acidic solution (Equation 5) are listed. [1,6,7] 
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( )2

4 2 3
4 3 5FeO H O e Fe OH OH− − −+ + → +  (4) 

2 3

4 28 3 4FeO H e Fe H O− + − ++ + → +  (5) 

Thus, in water, ferrate(VI) immediately decomposes to stable oxidation state of FeIII. When an electron is 
gained in water, ferrate(VI) is reduced to intermediate products, i.e., high valence states of iron, Fe(V) and 
Fe(IV), through 1-e- and 2-e- transfer processes. Simultaneously, the final iron-containing compound with iron 
in oxidation state FeIII is also observed. Proof of the formation of intermediate iron species, Fe(V) and Fe(IV), 
during decomposition of Fe(VI), can be performed by fast freezing of reaction solution and subsequent 
characterization using 57Fe Mössbauer spectroscopy (see Figure 3). The reaction rate is always based on pH, 
the concentration of the solution and the presence of foreign ions. The resulting products of ferrate(VI) 
decomposition in water are always iron(III) oxides or hydroxides (e.g., Fe2O3, Fe3O4, FeOOH, Fe(OH)3). The 
decomposition is accompanied by a change of color from black-purple to sorrel. Once the color is changed, 
the substances are no longer usable. [1,10,11] 

 

Figure 3 57Fe Mössbauer spectrum of the sample taken during decomposition of Fe(VI) to Fe(III) and 
characterized using 57Fe Mössbauer spectroscopy. All possible oxidation states of iron are observed. [9] 

2.4. Example of application 57Fe Mössbauer spectroscopy in the removal of arsenic from 
environment using ferrate(VI) 

In aerobic surface water, primarily arsenate (AsVO43-, As(V)) occurs. Then, arsenite (AsIIIO33-, As(III)) 
predominantly exists in anaerobic environment. However, arsenite (As(III)), that is more toxic than arsenate 
(As(V)), oxides to arsenate under aerobic conditions. One of the arsenic removal options is to use a sorbent, 
where arsenic is bonded either on the surface or into the sorbent pores. Current technologies are limited by a 
low sorption capacity of sorbents. The ratio between sorbent and arsenic is usually in the ranges from 1000:1 
to 100:1 in weight fraction. The second restriction of available technologies bonding arsenic onto the surface 
sorbent lies in release of arsenic back to environment due to leaching effect. Thus, exploitation of ferrate(VI) 
combines the properties of an oxidant, used to oxidizing of As(III) to As(V), and efficient sorbent with a low 
sorbent/As ratio. More specifically, here we mention an example of removal of arsenic from environment using 
K2FeO4, with concentration of iron equal to 0.5 g/L (see more details in study [13]). As sources of As(III) and 
As(V), NaAsO2 and Na2HAsO4·7H2O were used, respectively, with a final concentration of arsenic of 100 mg/L. 
Then, the ratio between Fe:As is 5:1. Three studied samples are shown in Figure 4. The "blank" sample was 
prepared by adding of ferrate(VI) to deionized water, at the "ex-situ" sample was at first added ferrate(VI) to 
deionized water and subsequently As-containing compound. At the third "in-situ" sample was simultaneously 
added ferrate(VI) and also As-containing compound to deionized water. 
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Figure 4 57Fe Mössbauer spectra collected at a temperature of 5 K and in a field of 5 T for a) “blank” sample 
(sample of ferrate(VI) added to deionized water), b) “ex-situ” sample (As(V)-containing compound was added 
to mixed deionized water with ferrate(VI)) and c) “in-situ” sample (simultaneously addition of ferrate(VI) and 

also As(V)-containing compound to deionized water). On the left side, the embedding of As(V) onto the 
surface nanoparticle (panel (b)), and primarily into the structure of nanoparticle and subsequently onto the 

surface (panel (c)) is illustrated. [13] 

The experiment is based on forming γ-Fe2O3 nanoparticles, which can be after the completion of the treatment 
process, very easily removed from environment using an external magnet. As seen in Figure 4 c), the 
uniqueness of using ferrate(VI) in water treatment is that arsenite is "in-situ" structurally embedded into the 
tetrahedral sites of γ-Fe2O3 nanoparticles formed during reaction with water and the pollutant. Thus, As(V) 
ions are not released back to the environment and they are firmly bonded into the structure of nanoparticles. 
Moreover, using 57Fe Mössbauer spectroscopy, the amount of As(V), which are embedded in the nanoparticles 
(x in Equation 6) is possible to determine based on the evaluation of spectral ratio of the components 
belonging to the tetrahedral and octahedral sites in the γ-Fe2O3 crystal structure, i.e., 

3 5 3

1 5/3 1/3 4

T O

x x y yFe As Fe o O
+ + +
− − +        (6) 

In the "blank" sample, the spectral ratio between tetrahedral (T) and octahedral (O) sites is T:O ~ 0.65, in the 
"ex-situ" sample, T:O ~ 0.7 and in the "in-situ" sample, T:O ~ 1.22. Based on these values, the amount of As(V) 
in the nanoparticles was estimated to be approximately 25 at.%. [13] 
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3. CONCLUSION 

This study highlighted the significance of 57Fe Mössbauer spectroscopy for studying reaction mechanism 
of ferrates with pollutants. Ferrates, particularly ferrate(VI) and their preparation and reaction mechanism were 
described in more details. Finally, the experiment presenting an unique properties of ferrate(VI) for removing 
of arsenic from environment was reviewed. 
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Abstract 

Technologies involving iron-based nanomaterials, such as nanoscale zero-valent iron (nZVI), are extensively 
used for elimination of various contaminants in the environment. In this study, we modified commercial nZVI 
particles NANOFER 25P (from NANO IRON company, CZ) via one-step thermal treatment under different 
conditions (including temperature, time, and atmosphere), in a way that has not been previously reported. The 
structural, magnetic and air-stability aspects of the as-prepared materials were investigated by means of X-
ray powder diffraction, Mössbauer spectroscopy, and magnetic and surface area measurements. The 
characterization revealed that each of the materials is dominantly formed by different crystalline phase (i.e., 
iron nitrides Fe4N and Fe2.43N, FeO, and Fe3C) and that the modification occurred in almost entire volume 
of the particles rather than only on the surface. Moreover, the as-prepared materials were evaluated for their 
efficiency of Cr(VI) removal and compared with bare nZVI used for their preparation. 

Keywords: Solid state reaction, modification, iron nitride, iron carbide, characterization 

1. INTRODUCTION 

Nanoscale zero valent iron (nZVI) belongs to the group of widely studied materials with a great potential in 
various environmental applications. It can be effectively utilized in reductive remediation technologies for 
degradation of numerous inorganic and organic contaminants, including heavy metals, nitrates, chemical 
warfare agents, polychlorinated hydrocarbons, pesticides, organic dyes and antibiotics [1-3]. 

Although the high reactivity of bare nZVI is undoubtedly their great advantage, it also causes fast oxidation 
during their exposure to the air. Therefore such materials have to be stored and handled under inert conditions 
or in slurry which increase cost of the material. The other possibility is stabilization of the particles by creation 
of inorganic passivating shell on the particle surface, which can be formed either by iron oxide or by carbon 
and/or iron carbides [4,5]. Such shell protects the particles against further oxidation and the materials can 
therefore be stored and manipulated without special requirements. 

In this paper, we present a different approach of nZVI modification. Four materials were prepared via one-step 
thermal treatment of bare nZVI in various conditions (namely temperature, time, composition and pressure 
of environment). The as-prepared materials were characterized from structural, magnetic and stability point 
of view. Moreover, their efficiency in Cr(VI) removal was evaluated. 

2. EXPERIMENTAL SECTION 

2.1. Materials preparation 

All materials were synthesized via one step solid state-gas reaction using commercial nZVI NANOFER 25P 
(NANO IRON, CZ) as a precursor. The samples N1 and N2 were prepared by annealing of 35g of nZVI in 
a mixture of NH3 and N2 (in ratio 1:2) with relative overpressure 0.5 bar for 120 min at temperatures 200 and 
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250 °C, respectively. The samples W1 and C1 were prepared by annealing of 55 g of NANOFER 25P in the 
mixture of CO2 and H2 (ratio 4:1) and relative gas overpressure 0.25 bar at 580 °C for 300 min and 500 °C for 
240 min, respectively. All prepared materials were cooled down to room temperature in the furnace, 
transported under inert conditions to the glove-box, and stored there prior use. The commercial nZVI 
NANOFER 25P (labeled as NF25) was used as a reference for evaluation of the efficiency of prepared 
materials for Cr(VI) removal. 

2.2. Characterization techniques 

X-ray powder diffraction was performed on X`Pert PRO MPD powder diffractometer (Malvern Panalytical) 
equipped with iron filtered CoKα radiation source and fast X`Celerator detector. The samples were deposited 
(under nitrogen atmosphere) on zero background Si slide and covered with Mylar foil. The High Score Plus 
software in conjunction with PDF-4+ and ICSD databases were used for evaluation of captured data. 

Transmission 57Fe Mössbauer spectra were measured at room temperature employing a MS2007 Mössbauer 
spectrometer based on virtual instrumentation technique, using a constant acceleration drive spectrometer 
and a commercial 57Co(Rh) radiation source. The acquired spectra were evaluated using the MossWinn 
software. The isomer shift values were referred to α-Fe foil at room temperature. 

A superconducting quantum interference device (SQUID, MPMS XL-7, Quantum Design, USA) was used for 
the magnetization measurements. The hysteresis loop measurements were recorded at the temperature 
of 300 K and in external magnetic fields ranging from -5 to +5 T. 

Specific surface area (SSA) was measured employing Autosorb iQ analyzer (Quantachrome) at temperature 
of liquid nitrogen (77.4 K). The materials were degassed before measurement at room temperature for 
12 hours. SSA was calculated using the multipoint BET3 method in p/p0 between 0.01 and 0.30. The analysis 
was performed with the AsiQwin software (Quantachrome). 

2.3. Reactivity evaluation 

The efficiency of the as-prepared materials towards Cr(VI) removal was evaluated under aerobic conditions. 
In a typical procedure, 10 mg of each sample were mixed with 100 mL of prepared solution with concentration 
of Cr(VI) 6.5 mg/L. The pH was adjusted to 5.5 by HCl and the bottle with solution was shaken on a rotational 
shaker at room temperature for 48 hours. After 48 hours, 0.3 mL of the Cr(VI) solution was withdrawn and 
used for colorimetric measurement. The Cr(VI) concentration was determined by the  
1,5-diphenylcarbazide method, which is based on the reaction of Cr(VI) cations with 1,5-diphenylcarbazide 
molecules leading to the formation of a red−purple chromium 1,5-diphenylcarbazide complex that shows 
absorbance maximum at 541.5 nm. 0.3 mL of the Cr(VI) solution was mixed with 2.7 mL of distilled water, 
120 μL of 1,5-diphenylcarbazide acetone solution (10.3 mM) and 60 μL of H3PO4 aqueous solution (0.86 M). 
The solution was left 10 min to allow color development, and then the concentration was determined by  
UV-Vis spectroscopy. A calibration curve (in the range 0 - 1 mg/L) has been previously determined. 

3. RESULTS AND DISCUSSION 

3.1. Structural and magnetic aspects of prepared materials 

The structural and phase analysis revealed that each of the prepared samples is dominantly formed by 
different crystalline phase (see Table 1 and Figure 1). The samples prepared in a mixture of ammonium with 
nitrogen are formed mostly by iron nitrides, namely Fe4N for sample N1, and Fe2.43N for sample N2. The 
samples prepared in mixture of carbon dioxide with nitrogen are formed mostly by wüstite and iron carbide 
(samples W1, and C1, respectively). This indicates that the modification took place in almost full volume of the 
particles rather than just by creation of the surface shell on the particles. However, except sample W1, all other 
samples contained small amount of α-Fe (less than 11 wt%; for details see Table 1). Additionally, all samples 
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contained small amount of magnetite/maghemite (less than 12 wt%). When the temperature applied during 
thermal treatment was equal to 500 °C or higher (i.e., during preparation of the samples W1 and C1), then the 
silicon, which is the trace element contained in nZVI precursor, formed separate Fe2SiO4 phase (fayalite). Its 
content increased with increasing temperature (i.e., from 6 wt% for sample W1 to 10 wt% for sample C1). The 
crystallinity (i.e., the mean X-ray coherence length (MCL)) of the dominant phases increased with increasing 
temperature from 35 nm for Fe4N in N1 sample to 119 nm for Fe3C in C1 sample. 

The SSA was measured for all prepared materials, and additionally for precursor NF_25. While the samples 
N1 and N2 keep the SSA similar to the precursor (17.9, 18.0, m2/g for N1 and N2, respectively, compared to 
17.8 m2/g for NF_25), the SSA of samples W1 and C1 significantly drop to 7.3 and 6.2 m2/g, respectively. Such 
decrease is presumably caused by the temperature induced sintering of the particles during preparation of the 
materials, being thus consistent with the evolution of MCL. 

Table 1 Quantification of relative content (RC) of crystalline phases in prepared materials and their mean  
X-ray coherence lengths (MCL) 

Sample 

α-Fe FeO 
Fe3O4/ 

γ-Fe2O3 
Fe2SiO4 Fe3C Fe2.43N Fe4N 

RC 
(wt%) 

MCL 
(nm) 

RC 
(wt%) 

MCL 
(nm) 

RC 
(wt%) 

MCL 
(nm) 

RC 
(wt%) 

RC 
(wt%) 

MCL 
(nm) 

RC 
(wt%) 

MCL 
(nm) 

RC 
(wt%) 

MCL 
(nm) 

N1 11 44 --- --- 12 31 --- --- --- 2 35 75 35 

N2 1 43 --- --- 4 32 --- --- --- 69 54 26 34 

W1 --- --- 94 58 <1 41 6 --- --- --- --- --- --- 

C1 3 80 2 33 <1 65 10 85 119 --- --- --- --- 

The Mössbauer spectra of all samples are quite complicated (see Figure 1 and Table 2). For the both samples 
containing nitrides (i.e., N1 and N2), each spectrum composes of 7 components: one sextet (S1) can be 
ascribed to α-Fe, two sextets (S2 and S3) to Fe atoms in nonstoichiometric magnetite (where sextet S3 
represents octahedral iron atoms with effective valence 2,5+ observed because of electron hopping effect; i.e., 
paired Fe2+ and Fe3+; and sextet S2 represents tetrahedral Fe3+ and unpaired octahedral Fe3+ ions) [6], three 
sextets (S4, S5, and S6) to Fe atoms with nonequivalent neighborhood in Fe4N [7] and doublet (D1), which in 
the case of N1 sample represents magnetically disordered atoms Fe3+, and in the case of N2 sample Fe atoms 
belonging to Fe2.xN [8]. The Mössbauer spectrum of sample W1 contains three components: two doublets (D1 
and D2) which can be ascribed to wüstite in its nonstoichiometric form [9], and the third doublet (D3) 
representing Fe2+ ions in fayalite. For the last sample, C1, the spectrum is again composed of 7 components: 
one sextet (S1) represents α-Fe, two sextets (S2 and S3) Fe atoms in nonstoichiometric magnetite, one sextet 
(S4) Fe atoms in iron carbide Fe3C [10], two doublets (D1 and D2) Fe2+ ions in nonstoichiometric wüstite, and 
last doublet (D3) Fe2+ ions in fayalite. Generally, the results of Mössbauer spectroscopy and XRD correlate 
well. The observed differences can be caused by presence of the low-crystalline to amorphous shell, which 
cannot be principally observed by XRD analysis.  

The hysteresis loops measured at 300 K show the values of saturation magnetization for prepared materials 
(Figure 1). For sample W1 the hysteresis loop manifests the paramagnetic behavior of the material, which is 
for wüstite typical at room temperature. The magnetization of other samples is saturated at 5 T and reaches 
values 161.3, 93.9, and 102.6 Am2/kg for samples N1, N2, and C1, respectively. 
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Figure 1 Diffraction patterns (left), Mössbauer spectra (middle), and hysteresis loops captured at 300 K 
(right) of prepared samples (a) N1, (b) N2, (c) W1, and (d) C1 

3.2. Stability of prepared materials 

The stability of prepared materials was evaluated after their exposure to the ambient atmosphere for 7 days. 
After their first contact with air, the materials evolved some heat as a result of their partial surface oxidation. 
Immediately performed structural and phase analysis (performed by XRD) revealed that the composition did 
not change significantly. However, the content of dominant phase decreased about approximately 2 or 3 wt% 
to the detriment of magnetite/maghemite. The additional storage did not initiate any further changes in 
composition of crystalline phases supporting the idea that the initial exothermic effect is a manifestation 
of creation of passivating shell on the surface of the particles. 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

247 

Table 2 Hyperfine parameters of prepared samples derived from Mössbauer spectra. δ is the center shift, ΔEQ   
 is the quadrupole splitting, Bhf is hyperfine magnetic field, Γ is line width, and RA is relative subspectra  
 area. 

Sample Component 
δ 

± 0.01 
(mm/s) 

∆EQ 
± 0.01 
(mm/s) 

Bhf 

± 0.3 
(T) 

Γ 
± 0.01 
(mm/s) 

RA 
± 1 
(%) 

Assignment 

N1 

S1 
S2 
S3 
S4 
S5 
S6 
D1 

0.00 
0.26 
0.67 
0.29 
0.22 
0.29 
0.35 

0.00 
-0.04 
-0.11 
0.24 
0.00 
-0.45 
0.78 

33.1 
49.1 
46.0 
21.7 
34.1 
21.9 
--- 

0.24 
0.38 
0.38 
0.39 
0.38 
0.38 
0.58 

13 
5 
3 
34 
18 
18 
9 

α-Fe 
tetFe (magnetite) 
octFe (magnetite) 

Fe4N 
Fe4N 
Fe4N 
Fe3+ 

N2 

S1 
S2 
S3 
S4 
S5 
S6 
D1 

0.00 
0.26 
0.67 
0.29 
0.22 
0.29 
0.39 

0.00 
-0.04 
-0.10 
0.24 
0.00 
-0.45 
0.26 

33.0 
49.0 
46.0 
21.7 
34.2 
21.9 
--- 

0.33 
0.37 
0.43 
0.50 
0.49 
0.50 
0.58 

1 
3 
2 
18 
8 
8 
60 

α-Fe 
tetFe (magnetite) 
octFe (magnetite) 

Fe4N 
Fe4N 
Fe4N 
Fe2.xN 

W1 
D1 
D2 
D3 

0.90 
0.95 
1.17 

0.79 
0.44 
2.80 

--- 
--- 
--- 

0.52 
0.45 
0.26 

59 
33 
8 

Fe2+ (wüstite) 
Fe2+ (wüstite) 
Fe2+ (Fayalite) 

C1 

S1 
S2 
S3 
S4 
D1 
D2 
D3 

0.00 
0.26 
0.67 
0.19 
0.90 
0.95 
1.14 

0.00 
-0.04 
-0.11 
0.01 
0.79 
0.44 
2.84 

33.0 
49.1 
46.0 
20.7 
--- 
--- 
--- 

0.36 
0.38 
0.38 
0.38 
0.58 
0.26 
0.36 

4 
3 
2 
74 
6 
2 
9 

α-Fe 
tetFe (magnetite) 
octFe (magnetite) 

Fe3C 
Fe2+ (wustite) 
Fe2+ (wustite) 
Fe2+ (Fayalite) 

3.3. Reactivity evaluation 

The prepared materials were evaluated in terms of their efficiency towards Cr(VI) reduction (Figure 2). 
Moreover, their efficiency was comparable with unmodified nZVI (sample NF25). NF25 exhibited high removal 
efficiency, reaching 80 % of Cr(VI) removal after 48 hours. In comparison with that, the modified materials 
performed lower capacity but still adequate for such environmental applications. The most efficient were 
materials based on nitrides (i.e., the samples N1 and N2), which additionally contain a small residual portion 
of Fe0. Their efficiencies were between 40 and 50 %. On the other hand, the material formed dominantly by 
wüstite (i.e., sample W1) exhibited relatively small efficiency, i.e., 15 % approximately. The iron carbide based 
material (sample C1) showed sufficient removal ability equal to 35 %. 

 

Figure 2 The efficiency of Cr(VI) removal by prepared materials after 48 hours 
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The mechanism of Cr(VI) removal was evaluated by XPS characterization of solid fractions obtained by 
filtering of the solution at the end of reactivity experiments. In all cases the Cr was identified only as Cr(III) 
without any traces of Cr(VI) (data not shown). Thus, the suggested removal mechanism involves reduction 
and subsequent precipitation of the reduced chromium species. It has to be mentioned, that the estimated 
lower removal capacity of the modified materials in comparison with the unmodified nZVI, is not a restrictive 
factor. In overall, these materials showed relatively high removal capacity reaching values of 35 mg of Cr(VI) 
per gram of material, values among the highest that involves nanoparticles for water remediation.  

4. CONCLUSION 

Four types of modification of bare nZVI were performed via one-step thermal treatment using different 
conditions. nZVI particles were modified in almost full volume of the particles rather than by only creation 
of a shell on the surface of the particles. Detailed structural and magnetic characterization revealed that each 
of the prepared materials is dominantly formed by different phase (i.e., by Fe4N, Fe2.43N, FeO, and Fe3C). The 
prepared materials exhibited relatively high removal capacity which is comparable to conventional 
nanoparticles involved for water remediation. Moreover, these materials showed better stability and 
applicability in comparison to the bare nZVI, which is crucial for water treatment technologies. 
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Abstract  

The environmentally friendly preparation of silver nanoparticles was proposed for the production 
of antibacterial non-woven textile used in water filtration. The silver nanoparticles were prepared by chemical 
reduction of silver nitrate using two environmentally friendly reducing agents, such as fructose or ascorbic acid. 
For comparison also commonly used reducing agent - sodium borohydride was used. The silver nanoparticles 
in various size and yield were produced by immersion of the plasma pre-treated polypropylene (PP) non-
woven textile in the colloidal solutions for different periods (35, 45 and 135 min). The morphology of the silver 
nanoparticles was characterized by SEM and EDX analysis. Additionally, the antibacterial activity of the silver 
decorated PP non-woven textile was evaluated by an agar diffusion test using both Gram-positive 
Staphylococcus Aureus and Gram-negative Escherichia coli. The results suggest that the type of the reducing 
agent has major effect both on the morphology of silver nanoparticles and the antibacterial activity.   

Keywords: Silver nanoparticles, reducing agent, non-woven textile, antibacterial activity 

1. INTRODUCTION 

Membranes for water filtration are capable of removing a wide variety of contaminants, ranging from large 
colloids, algae, bacteria up to individual ions, depending on pore dimensions [1-3]. Porous membranes 
accomplish separation essentially by size exclusion; solutes larger than pore size are rejected, while solutes 
smaller that membranes pore flow through pore structure. As the solutes build up on the surface or in the pores 
the productivity of membrane decreases, known as fouling. This process is often accompanied by 
accumulation and growth of microbial cells on surface and within the pores.  

In principle there are two main approaches to the control of biofouling process. The first one is based on the 
modification of surface of the membranes by various methods, which makes the area less attractive for 
bacterial adhesion [4,5]. The second approach comprises membranes with the antibacterial agent, which either 
kills or inhibits the growth of microorganism and the quality and lifetime of the filter can be prolonged. 

Among the large number of antibacterial agents available, silver nanoparticles attract the attention due to their 
low toxicity to human tissue and high activity against broad spectrum of bacteria, viruses and fungi [6,7]. In 
this context, several physical and chemical methods have been used for synthesizing and stabilizing silver 
nanoparticles (NPs), including chemical reduction using a variety of organic and inorganic reducing agents. 
Most of these methods are still in developmental stage and the stability and aggregation of NPs, control 
of crystal growth, morphology, size and size distribution represent the common experienced problems. 
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The aim of this study was production of silver/polyprolylene non-woven textile intended for the application as 
an antibacterial filter. For this purpose, the silver nanoparticles were prepared by chemical reduction of silver 
nitrate using two environmentally friendly reducing agents (fructose or ascorbic acid) and commonly used 
reducing agent (sodium borohydride). The effect of reducing agents and time of reduction was investigated in 
correlation with particle size and density of resulting silver nanoparticles. Besides, the antibacterial properties 
of non-woven textiles against the Gram-positive and Gram-negative bacteria were determined. 

2. EXPERIMENTAL 

2.1. Material and Preparation of Silver Nanoparticles 

Silver nitrate (AgNO3), fructose (F), ascorbic acid (AA) and sodium borohydride (SB) of analytical grade purity 

(Penta, Czech Republic) were utilized without further purification. S. Aureus (CCM 3953) and E. Coli (CCM 

3954) were obtained from the Czech Collection of Microorganisms (CCM, Czech Republic). The bacterial 

cultures were grown on Mueller Hinton agar (HiMedia Laboratories, India).  

In this experiment, 6.4 g of 1M AgNO3 was dissolved in 750 mL of distilled water. Similarly, reducing agent, 
such as 0.5 g of fructose or 0.5g ascorbic acid or 19 mg of Na(BH4) was dissolved in 500 mL of distilled water. 
Then, the plasma pre-treated polypropylene (PP) non-woven textiles were immersed first in AgNO3 solution 
and subsequently in solution of reducing agent for different time periods as described in Table 1. Before further 
analysis, the PP non-woven textiles were rinsed in distilled water three times to remove unfixed silver NPs. 
The experiments were proceeded at laboratory temperature. 

Table 1 Preparation of silver nanoparticles 

 Immersion time in solution (min) 

Sample code AgNO3 Fructose Ascorbic acid Na(BH4) 

F 35 5 30   

F 45 15 30   

F 135 15 120   

AA 35 5  30  

AA 45 15  30  

AA 135 15  120  

SB 35 5   30 

SB 45 15   30 

SB 135 15   120 

2.2. Characterizations 

Morphology of the silver nanoparticles sputtered by a thin gold layer was observed using a Vega 3 high 
resolution scanning electron microscope (Tescan, Czech Republic). The mean particle diameter and particle 
density were determined by help of Adobe Creative Suite software. 

Elemental microanalysis was performed by the Octane SSD (area 30 mm2) EDX (energy dispersive X-ray) 
detector (AMETEC, Inc) integrated into the NOVA NanoSEM 450 (FEI company) operated at 15 kV. The 
qualitative and quantitative results were obtained by applying the experimental procedure several times under 
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following conditions: distance between EDX detector and holder with sample - 5 mm, magnification of 10 000 
or 30 000. 

Antibacterial efficiency of silver NPs coated PP fibres against S. aureus and E. coli was tested by an agar 
diffusion method. Square (9 × 9 mm2) samples were placed on agar plates pre-inoculated with 1 mL of 0.5 
McF turbid bacterial suspension in sterile saline solution. The plates were then incubated at 37°C (24 hours) 
and after cultivation the diameters of inhibition zones around the samples were recorded in mm.  

3. RESULTS AND DISCUSSION 

Pre-treatment of polypropylene (PP) non-woven textiles was done in order to create the polar moieties on the 
PP fibres to anchor the silver NPs during the course of their preparation. This procedure should ensure the 
fixation of silver NPs on the surface of PP fibres and prevent their agglomeration at the same time. The plasma 
pre-treated PP non-woven textiles were immersed into the colloidal solutions for different periods of time (35, 
45 and 135 min). The solutions turned light yellow immediately after immersion of PP non-woven textile to 
solutions of reducing agents, indicating the initial formation of silver nanoparticles. The SEM images of the PP 
non-woven textiles with silver NPs are shown in Figure 1. All reducing agents led to the formation of metallic 
silver (Ag0) that was found on the surface of PP fibres and additionally confirmed by EDX analysis (Figure 2). 
A strong signal for elemental silver is noticed in the spectrum inferring the existence of metallic silver, in 
addition to the C peak originated from PP fibres.  

 
Figure 1 SEM images of silver nanoparticles prepared using various reducing agents  

It is visible that changes in time of immersion provided nanoparticles with various average sizes (Table 2). In 
the shortest immersion time, the silver NPs were spherical in shape, well separated and size ranged between 
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91 to 166 nm depending on the type of reducing agent. When the immersion time was prolonged, the silver 
NPs started to conjugate and aggregate into bigger particles up to 263 nm. At the same time, the density 
of silver NPs was increased with longer immersion time. 

The reducing agent has significant effect on the size and density of the silver NPs on PP fibres. The most 
distinctive difference was found between two environmentally friendly reducing agents, fructose and ascorbic 
acid. The silver NPs from ascorbic acid exhibited the highest size and density, at the longest immersion time 
the silver NPs created veil of crystals between fibres. 

 

Figure 2 EDX pattern of silver nanoparticles prepared by ascorbic acid as reducing agent (AA 35)  

Table 2 Size and density of silver NPs  

Sample code 
Diameter of NPsa 

(nm) 

Density of NPsa 

(counts/100 µm2) 

F 35 91 ± 20 4.4 

F 45 138 ± 71 7.2 

F 135 169 ± 96 31 

AA 35 166 ± 55 62 

AA 45 189 ± 54 92 

AA 135 263 ± 75 101 

SB 35 118 ± 54 22 

SB 45 110 ± 37 45 

SB 135 137 ± 69 70 
a area of 430 µm2 was analysed 

Results from antibacterial tests proved the activity against both representatives of Gram-negative and Gram-
positive bacteria depending on the immersion time and type of reducing agent. The huge discrepancies in 
measured inhibition zones can be ascribed to the non-homogenous surface covering of PP fibres by the silver 
NPs. It can be also concluded that the shortest immersion time of 35 min was not optimal for creation of the 
sufficient amount of silver NPs to inhibit the growth of bacteria in all tested cases. The samples prepared using 
longer immersion times (45 and 135 min) exhibited clear zones ranging from 5.5 to 12 mm regardless the 
applied reducing agent.  
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4. CONCLUSION 

The silver nanoparticles were prepared by different reducing agents on the plasma pre-treated PP non-woven 
textile. It was proved that the size and density of the formed silver NPs were influenced by time of reduction 
as well as by reducing agent, from which the ascorbic acid showed the most positive results. The density 
of silver NPs was high even at the shorter reducing period. Besides, the PP non-woven textile covered by 
silver NPs showed antibacterial efficiency against both representatives of Gram-negative and Gram-positive 
bacteria. 
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Abstract 

Solid phase microextraction has been established as modern analytic method, which provides several benefits 
such as sensitivity, rapid and solvent free technique for sample preparation in organic analytical chemistry. 
Nowadays there is a scientific effort dedicated to improve analytical methods based on new and 
nanostructured materials. Our study follows this trend and contributes to analytical chemistry approach. 
Explicitly, the investigation of using nanofibrous sorbents for solid phase microextraction. 

Nanofibres of polyethersulfone (PES), polyetherimide (PEI) and polysulfone (PSU) were successfully prepared 
by needle electrospinning and fixed on a thin stainless steel wire SPME assmebly. The geometry  
of sorbents plays a crucial role in the extraction kinetics of the mass transfer in SPME. The intention of using 
electrospun fibres geometry is to enhance the sorbent sensitivity and capacity. 

The basic properties of the prepared nanofibers were determined by thermogravimetry (TGA) and scanning 
electron microscope (SEM). The scanning electron microscopy images of prepared nanofibers showed  
a diameter range from 700 to 1400 nm for polyethersulfone, 300 to 600 nm for polyetherimide and 800  
to 1400 nm for polysulfone. TGA analysis proved the thermal stability of all prepared nanofibers up to 250 °C. 
The extraction efficiency of new lab-made SPME fibres and selected common commercial SPME fibres 
(PDMS and PDMS/DVB) was investigated by the headspace SPME (HS-SPME) mode of gas chromatograph 
coupled with tandem mass spectrometer (GC/MSMS).  

Hexachlorocyclohexanes isomers (HCH) 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 on MSMS response. 

Keywords: Solid phase microextraction, nanofibres, polyethersulfone, polysulfone, polyetherimide 

1. INTRODUCTION 

Solid phase microextraction can be defined as an extraction method (or sample preparation method), when 
the extraction agent (liquid or solid) had much smaller volume comparison to volume of sample. In equilibrium, 
the extract fraction of the analyte is often negligible [1]. SPME fibre is composed from carrier material (fused-
silica core and stainless steel core), coating [2] and protective layer (if it´s needed, especially during the 
analysis of complex matrixes in direct mode of SPME [3]). A commercial available coating for GC application 
includes PDMS, PDMS/DVB, Carboxen/PDMS, DVB/Car/PDMS, polyacrylate amd Carbowax polyethylene 
glycol coatings. Geometry plays a crucial role in the extraction kinetics of the mass transfer in SPME [4]. The 
geometry of the fiber, thin film and a round particles was directly compared [5]. A syringe-like SPME fibre 
geometry appears to be most viable: polymeric coatings, sandwiches and mixtures are placed at the tip of the 
plunger, which is either hidden in a needle (during the transport phase) or exposed off the needle (during the 
extraction and thermal desorption phases of the analysis). The usual length of the plunger tip is 10 mm and its 
diameter is 0.1 mm. Polymeric layer thickness ranges from 7 to 100 μm. Amongst other parameters, the 
duration of the extractive sorption part of the sample introduction step (enrichment) seems to highly influence 
the overall time of analysis. This is especially the case if less volatile organic compounds are the target 
analytes [6]. Temperature is another parameter driving the analyte transfer velocity from the water phase 
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towards the sorption fibre. However, water vapour competes with organic analytes vapours for sorption places 
at higher temperatures [7] therefore; temperatures exceeding 80 °C are rarely used even for organic 
compounds with a low Henry constant. Last but not least, sorption fibre polymeric material affinity for specific 
analytes and its surface preconditioning plays an important role [8]. 

Completed SPME assemblies were compared with commercial PDMS and DVB/Carboxene/PDMS fibres with 
an emphasis on the possible shortening of the duration of the enrichment step. As a matrix for enrichment time 
tests, water contaminated by hexachlorocyclohexanes was used. These compounds were selected for a few 
reasons. They belong to the group of persistent organochlorinated pesticides listed as POPs under the 
Stockholm Convention on persistent organic pollutants. Also HCH was former industrial production in the 
Czech Republic [9]. And, last but not least, these pesticides belong to widely studied groups of target analytes 
with SPME utilization [10,11,12]. 

2. MATERIALS AND METHODS 

Lab-made SPME fibers were assembled from a stainless steel capillary and 304H wire supplied by Teseco 
and a RDG810 3D-printer polymer supplied by VeroClear (Figures 1 and 2). Polyetherimide, polyethersulfone 
and polysulfone pellets (supplied by Sigma-Aldrich) was dissolved overnight in a dimethylformamide into 22 % 
(PEI), 24 % (PSU) and 28 % (PES) w/w solution. These prepared solutions were pumped into the 
electrospinner needle with the flow of 3 ml per hour. The lab-made assembly used as a collector electrode 
was subjected to 20-25 kV voltage. The relative humidity 45 - 55 % and temperature 25 °C was kept during 
electrospinning of all fibers. SPME commercial fibre 100 µm PDMS for comparison was obtained from Restek. 
Helium of 5.0 purity and argon of 4.8 purity (Linde Gas) were used as a carrier gas and collision gas for GC-
MS/MS measurements, respectively. Chromatographic standard of hexachlorocyclohexanes (HCH) - Mix 5 
(100 μg·ml-1 in acetone) war purchased from Neochema.  

 

Figure 1 Schema of SPME fibre 

 

 

 

 

 

 

 

 

 

 

Figure 2 Schema of commercial and lab-made SPME fibre 
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3. APPARATUS AND EQUIPMENTS 

Appearance of produced PEI, PES and PSU nanofibres on lab-made SPME fibers was documented by SEM 
microscope (UHR FE-SEM Carl Zeiss ULTRA Plus). Analytical performance of all SPME fibers (manufactured 
and commercial) 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). For automatic handling of prepared samples was GC/MSMS equipped by an 
autosampler (CTC Analytics AG, PAL RTC), which was set to headspace operation mode (samples were 
agitated during enrichment time).  

A gas chromatography column DB-5MS (30 m long, 0.25 µm thick and with 0.25 µm film thickness of stationary 
phase) was installed into GC oven. For the purpose of rapid testing, a very fast method was developed 
whereby the duration of one GC cycle was reduced to 10 minutes. Temperature program of the 
chromatographic oven started at 80 °C, graduating by 20 °C per min. to 260 °C. The carrier gas (helium 5.0) 
flow was adjusted to 1.5 ml per min.  

For proper cleaning step of SPME fibres was set desorption step after injection to system. PTV injector was 
set to hold at 220 °C in splitless mode for 1 minute and for cleaning phase the temperature was set to 240 °C 
with the flow of carrier gas to 30 ml per min. All of the SPME fibers were tested for different extraction 
(enrichment) time in the headspace of the measured samples. Enrichment times for all tested fibers were set 
to: 2, 5, 10, 20, 30, 40 and 50 minutes. Temperatures during the agitations were set to 70 °C with constant 
speed 250 rpm. For each tested fiber 21 tap water samples spiked with chromatographic standard 
of hexachlorocyclohexanes (HCH) were prepared in 20 ml vials capped with PTFE/silicon septa and magnetic 
cap. Samples were spiked to reach the concentration of HCH 5 µg·l-1.   

4. RESULTS AND DISCUSSION 

Nanostructure surface of produced polyetherimide, polyethersulfone and polysulfone nanofibers were 
documented by SEM microscope (Figures 3 - 8). The scanning electron microscopy images of prepared 
nanofibers showed a very high number of pores presence at fibres surface. This effect was primarily observed 
at PES and PSU nanofibers. The diameter of the prepared nanofibers was in range from 700 to 1300 nm for 
polyethersulfone, 300 to 600 nm for polyetherimide and 800 to 1200 nm for polysulfone. All lab-made fibers 
with PEI, PES and PSU nanofibers were compared with commercially available SPME fibre - 100 µm PDMS. 
Enrichment time 2, 5, 10, 20, 30, 40 and 50 minutes was the parameter chosen for the comparison. The 
dependencies of GC-MS/MS peak areas on the enrichment time are shown on Figures 9 - 13. Obtained data 
indicate that the worst performance of all tested SPME fibers have polyetherimide fibers. PES fiber showed 
very similar responses as the commercial PDMS fiber. The highest response in all tested enrichment times 
of all tested fibers had showed PSU fiber. During the longest agitation time, the response of PSU fiber was 50 
% bigger than the commercial PDMS fiber. 

  

Figures 3 - 4 Electrospun polyetherimide (PEI) nanofibers 
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Figures 5 - 6 Electrospun polyethersulfone (PES) nanofibers 

  

Figures 7 - 8 Electrospun polyethersulfone (PSU) nanofibers  
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Figures 9 - 10 Comparison of PDMS 100 µm and PEI fibers, GC/MS response after SPME injection  
(error bars at 1 σ, n = 2) 
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Figures 11 - 12 Comparison of PES and PSU fibers, GC/MS response after SPME injection  
(error bars at 1 σ, n = 2) 
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Figure 13 Comparison of commercial PDMS 100 µm fibre vs PEI, PES and PSU fibers, GC/MS response 

after SPME injection (error bars at 1 σ, n = 2) 

5. CONCLUSION 

Polyethersulfone, polyetherimide and polysulfone nanofibres were succesfully prepared from polymer solution 
by needle electrospinning. The scanning electron microscopy images of prepared nanofibers showed a 
diameter range from 700 to 1300 nm for polyethersulfone, 300 to 600 nm for polyetherimide and 800 to 1200 
nm for polysulfone. Even though the achieved diameters for nanofibers wasn´t so small, the images 
of prepared nanofibres showed a very high number of pores presence at fibres surface, especially on PES 
and PSU nanofibres. TGA analysis proved the thermal stability of all prepared nanofibres (PEI, PES and PSU) 
up to 250 °C. BET analysis determined that specific surface was 57 m2·g-1 for PEI, 32 m2·g-1 for PES and 
10 m2·g-1 for PSU of prepared nanofibres.  

The parameter of the enrichment time had significantly positive influence on the response of MS detector. 
Obtained data indicate that the worst performance of all tested SPME fibers have polyetherimide fibers. PES 
fiber showed very similar responses as the commercial PDMS fiber. Saturation was achieved in case of PDMS, 
PES and PEI fibres. Just in case of polysulfone fibre the saturation wasn´t reached during extraction times 2 - 
50 minutes. The highest response in all tested enrichment times of all tested fibers had showed PSU fiber. 
During the longest agitation time, the response of PSU fiber was 50 % bigger than the commercial PDMS fiber. 

Handicap of using nanofibres as sorbent in analytical chemistry could be the homogeneity of producing 
nanofibres and their possible shorter lifetime during the longer usage. Obtained data indicated that used 
geometry in form of nanofibres can be successfully used as sorbent in analytical chemistry, especially in case 
of HS-SPME technique. 
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Abstract 

Chlorinated solvents such as trichloroethene (TCE) are widespread groundwater contaminants. These 
contaminants can be transformed by combination of abiotic and biotic methods under anaerobic conditions. 
Nowadays nanoscale zero-valent iron (nZVI) is used for the treatment of chlorinated compounds via its strong 
reducing property. Biological reductive dechlorination of chlorinated ethenes (CEs) is contributed by 
dehalorespiration. The influence of nZVI in combination with carboxymethyl cellulose (CMC) and molasses on 
the specific dehalorespiring microflora and besides the influence of biological surface modification on reactive 
properties of iron was tested within this study. 

Groundwater contaminated with CEs was collected from the chemical factory Spolchemie a.s. Batch tests 
(reactors) with iron and various concentrations of CMC and molasses were performed. The samples for gas 
chromatography (GC) analyses were taken regularly after defined time period for determination of CEs 
concentration and physical-chemical parameters were monitored simultaneously. DNA was extracted after 
filtration of the tested water and used as a template for a real-time PCR amplification. 16S rDNA gene was 
used as a total bacterial community marker. Specific genes were used for detection of ongoing reductive 
dehalogenation (vcrA, bvcA, Dre, DHC-RT and Dsb) and to monitor denitrifying and sulphate reducing bacteria 
(nirK and apsA). 

Keywords: Iron particles, chlorinated solvents, biological surface modification, biological reductive  
           dechlorination, dehalorespiration, molecular genetic analysis 

INTRODUCTION 

The different surface modification or stabilization techniques were used for decrease of ZVI (zero valent iron) 
particles aggregation and for increase its mobility in the subsurface. The typical stabilization is coating of 
particles by polymer substances. These surface macromolecules serve as a barrier which protects the particles 
against agglomeration using electrostatic or spatial repulsion [4]. Due to the project is the research focused on 
group of substances, which can be biological decomposed and can serve as a source of nutrients for 
dehalorespiring microorganisms [5,6].  

The aim of this study was to develop a biological active substance supporting natural dehalogenation 
processes. A suitable biological substance has to be non-toxic, with minimum passivation effect on ZVI surface 
and with minimum negative effect on its reactivity properties. It should also support the migration capability of 
ZVI particles [9], [10]. 

To develop this material the laboratory tests with biological active substances were performed. The influence 
of tested materials on the reactivity properties of ZVI and on the quantity of soil bacteria was monitored. To 
test the influence of different substances on the specific soil bacteria the molecular genetic analyses were 
used. These analyses were focused mainly on the organohalide-respiring microflora.  
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1. LABORATORY TEST METHODOLOGIES 

Methodology of reactor tests for testing of reactivity properties 

The reactor tests were designed as a closed mixing system, with contaminated water and a remedial reagent. 
The tests were carried out in 2.5 l glass bottles fitted with a joint [2]. The reactors were mixed with mechanical 
stirrers, since magnetic stirrers cannot be used for testing magnetic particles. In addition, the reactors were 
equipped with sampling ports, electrodes and other electrodes for continuous measurement of physical and 
chemical parameters. The special stirrer (according to utility model 25752 of the Technical University of 
Liberec) [3] was placed on the central joint. The system was sealed as tightly as possible, but a certain degree 
of leakage was expected during the experiment and was monitored using a control reactor without the reagent 
(or electric field). 

 

Figure 1 Photo of reactor tests 

Reactor sampling took place in two modes. For control sampling, a Teflon tube was introduced into the 
sampling port and water samples were drawn through a glass syringe. In the first phase of the control sampling 
a water sample was taken for chlorinated hydrocarbons (CHC) analysis by GC/MS. Physical and chemical 
parameters (pH, redox potential and conductivity) were then measured. Samples were also regularly collected 
for the analysis of dissolved ions and metals. In the case of the enclosed electric field, the value of the electrical 
voltage and current in the system was deducted for each sample. The sampling frequency depended on the 
reagent used and the duration of the test. Sampling was usually more frequent at the beginning of the tests, 
and intervals were prolonged. These reactors were placed in laboratory temperature for periods ranging from 
6 to 26 days. Direct current (DC) [1] was also applied in some reactors. Figure 2 illustrates the possible reactor 
configurations for these types of test.  

a) b) 

Figure 2 Possible reactor test configurations with a gas chromatogram connection: a) a simple reactor;  
(b) reactor with electrodes in a combined configuration 
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Methodology of molecular genetic analysis 

0.5 L of water from each reactor 
was filtered through 0.22 µm 
pore membrane when reactor 
test was completed. DNA was 
isolated from filters with collected 
microorganisms by FastDNA 
SPIN Kit for Soil according to 
manufacturer’s protocol. 

Extracted DNA was used as a 
template for real-time PCR 
amplification. Real-time PCR 
assays were performed and 
analysed using LightCycler 480 
SYBR Green system. 

16S rDNA gene was used as a 
total bacterial community 
marker. Specific genes were used for detection of ongoing reductive dehalogenation (vcrA, bvcA, Dre DHC-
RT and Dsb) and to monitor denitrifying and sulphate reducing bacteria (nirK and apsA). All used markers are 
listed in Figure 3.  

Cq value of each sample was compared with Cq value of feed water and relative quantity was given in the 
tables according to rules listed below: 

• red colour - high increase of quantity (more than 80x), 
• orange colour - lower increase of quantity,  
• yellow colour - no changes, 
• light blue colour - degrease of quantity, 
• dark blue colour- no detection. 

2. RESULTS 

a) Carboxymethyl cellulose (CMC) 

Iron particles (Fe) with diverse CMC concentration in combination with electric current (DC) were applied in 
this test. 

Total bacterial abundance (16S rDNA) increased in the control reactor (contaminated water without treatment), 
in the reactor with CMC and in the reactor with Fe in combination with higher CMC concentrations (0.5 and 1 
g/L). In the reactor with Fe in combination with the highest CMC concentration (1 g/l), the biggest increase of 
bacterial quantity was detected. In the reactors with Fe, the most of tested markers increased when higher 
CMC concentrations were used. These results indicated that CMC has probably a bacteria’s protecting effect 
against Fe toxicity. (Figure 4). 

The best growth conditions for dehalorespiring microflora were present in the control reactor and in the reactor 
with Fe particles in combination with high CMC concentration (1 g/l). According to these results, big decrease 
of DCE was also observed in this reactor. It appears that Fe could increase the amount of H2 due to its strong 
reducing properties and H2 serves as electron donor for dehalorespiring microflora. CMC seems to have a 
protecting effect on these bacteria [7], [8]. 

This test also demonstrated the devastating impact of electric current on all bacterial groups. It is visible on 
both total bacterial abundance (16S rDNA) and all specific markers. Although, this impact could be attenuated 
on contaminated sites due to bacterial recolonization of that site by groundwater flow. 

Figure 3 qPCR markers used in this study 
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Figure 4 Relative quantity of bacterial markers in reactors with CMC, ZVI composite and DC (5 V);  

Fe = 3 g/L; 21 period days 

The following diagrams document the process of laboratory reactor tests. The Figure 5 compares the 
normalized concentrations of DCE and TCE in time. The diagrams able easily to compare the influence of 
each system on dechlorination process.  

Figure 5 Degradation of TCE, DCE in reactors with CMC, ZVI composite and DC (5 V) 

CMC had definitely positive effect on given microflora [7]. The surface modification by CMC passivated the 
surface of ZVI particles and so degreased its toxicity. However the surface passivation led to the rapid 
decrease of ZVI reactivity.  

The systems with DC support achieved strongly better results from the point of view of dechlorination 
quickness and of total balance. The best results in CEs reduction were achieved in systems with high 
concentration of CMC and in combination with DC support.  

b) Molasses 

In this type of test the Molasses in combination with higher concentration of ZVI particles (10 g/l) were applied. 
The next configuration was the comparison of just ZVI influence and its combination with alternating current 
(AC) lower intensity. The sampling was performed twice after 11 and 19 days. 

Total bacterial abundance (16S rDNA) increased in the control reactor (contaminated water without treatment), 
in the reactor with molasses and in the reactor with iron particles in combination with molasses. The highest 
increase of total bacterial quantity was observed in the reactor with molasses. In this reactor, the quantity of 
all tested markers increased, mostly denitrifying bacteria marker (nirK). Markers of dehalorespiring bacteria 
also increased in this reactor. It indicated that molasses served as the fermentable substrate and products of 
fermentation were utilised by dehalorespiring bacteria. The quantity of the most tested markers was lower in 
the second sampling due to ongoing substrate exhaustion. 

In the reactor with the combination of Fe and molasses, the total bacterial abundance increased. The marker 
of denitrifying bacteria (nirK) was the only one of the specific markers whose amount increased in this reactor. 
This could be caused by toxicity of high Fe concentration used in this test (10 g/L). 
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Figure 6 Relative quantity of bacterial markers in reactors with molasses and ZVI composite; Fe = 10 g/L; 

Melasa = 10 g/L; two periods 11 and 19 days 

This test also shoved lower impact of AC on bacteria in comparison with DC used in the previous test (above-
mentioned). But the amount of all bacterial markers also significantly decreased when AC was used. 

The following diagrams Figure 7 compare the normalized concentrations of DCE and TCE in time. The 
diagrams able easily to compare the influence of each system on dechlorination process. 

Figure 7 Degradation of TCE, DCE in reactors with molasses and ZVI composite 

The development of monitored CEs concentration showed very well the influence of Fe surface modification 
by Molasses (Fe + Mel. A; Fe + Mel. B). Despite the using of high Fe concentration the combination with 
Molasses was not able to decompose the contamination. Applied Fe material served just for the equalizing of 
water pH, which had positive effect on biological processes. From the economical point of view this 
configuration does not make. 

Separately applied Fe (Fe A; Fe B) achieved very good results because the CEs were during the experiment 
completely reduced. The reason was probably the high concentration of Fe - 10 g/L.  

The results of the first testing of Fe application combinated with AC (Fe + AC) and its influence on 
dechlorination process were very interesting. Using AC showed lower impact on bacteria in comparison with 
DC but showed lower efficiency from the point of view of dechlorination rate of CEs.  

3. CONCLUSIONS 

Organic compounds used as ZVI modifiers could have large impact on the soil microflora of remediated sites.  

Fe particles in combination with CMC increased the quantity of examined bacterial markers more than CMC 
by itself. This increasing was higher with higher CMC concentration. It confirmed positive influence of Fe 
particles on dehalorespiring bacteria when they are protected from its toxicity by CMC. The disadvantage of 
CMC usage could be its cost. Higher amount of ZVI would be necessary to apply because of the passivation 
effect of CMC on ZVI surface.  
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Molasses as carbon and electron source had positive effect on all studied groups of bacteria. Molasses is 
suggested to serve as the substrate for the fermentation which produces electrons utilised by 
dehalorespiration. Molasses supported the bacterial growth but had strong negative effect on ZVI reactivity 
due to its surface passivation.  

Electricity (AC, DC) had devastating impact on tested bacteria in laboratory conditions. Remediated sites could 
be usually recolonised via ground water flow. 

According to these results the use of organic compounds especially CMC as a surface modification of ZVI 
particles for the field applications does not represent a favourable product as was expected due to the literature 
sources. The CMC represents an expensive source of carbon and it passivates the surface of ZVI and 
decrease the reactivity of ZVI. The electricity prolongs the ZVI longevity but has a negative impact on given 
microflora. However at remediated sites is usually easy recolonised via ground water flow.  
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Abstract 

This paper presents the synthesis and stabilization of Gold nanoparticles (Au NPs) using five different 
hydrocolloids [Tragacanth (Tg), Karaya (Kg), Guar (Gg), Carrageenan (Cg), and Xanthan (Xg)] via greener 
pathways. The particle size, morphology, stabilization characteristics and catalytic efficiencies of the 
synthesized Au NPs were analyzed using spectroscopic and microscopic techniques. The Gg stabilized Au 
NPs was extremely stable (particle size 8.0 ± 1 nm) at 4 °C for a period up to three months as compared to 
other Au NPs synthesized and stabilized via other polysaccharides. However, zeta potential and UV-vis 
analysis of Au NPs produced by Tg, Kg, Gg, Cg and Xg did not show much variation in magnitudes during the 
tested periods (0 to 90 days). The catalytic performance of hydrocolloid stabilized Au NPs were also evaluated 
and compared their kinetics reaction rates, and stability for the degradation of 4-Nitrophenol (p-NP) to 4-Amino 
phenol (p-AP). The reduction of p-NP follows the pseudo-first order. The highest kinetic rate value is found to 
be 10.6 x 10-3 s-1 for Au Guar composites (5.1 x 10-6 mM). 

Keywords: Hydrocolloids, Au NP, green synthesis, catalysis 

1. INTRODUCTION 

Synthesized metal nanoparticles have received considerable interest due to their unique chemical, physical, 
optical, electrical, and catalytic properties which totally differ from the bulk materials. Among the various 
nanomaterials, gold nanoparticles (Au NPs) are the most widespread materials in many applications especially 
in the fields of physics, chemistry, optics, catalysis, biology, electronics, and material science [1-5]. This is due 
to their stability, less toxicity, and biocompatibility [6]. There are several chemical agents used for the reduction 
of electropositive (Au+3) to neutral atoms. The first reducing agent to prepare Au NPs was phosphorus that 
was used by Michael Faradey, after that sodium borohydride [7], citrate [8,9], hydrogen peroxide [10,11], and 
other organic compounds such as ethylene glycol [12]. However, these chemicals are highly reactive, and may 
be associated with environmental toxicity or biological risks.  

In order to overcome these concerns, researchers agree to embrace the principle of green chemistry to 
achieve the safest possible future for advancing nanotechnology in sustainable world [13]. Green 
nanotechnology aims to eliminate or reduce the harmful polluting substances in the synthesis of nanomaterials 
or to utilize the produced nanomaterials in eliminating or reducing these pollutants. Recently there are several 
studies of green synthesis for Au NPs by using harmless alternative biocompatible molecules. There are many 
studies reported the efficient use of hydrocolloids (starch, chitosan, xanthan, cellulose, carrageenan, and tree 
gums) as reducing and stablizing agents [14,15].  

4 Nitro-phenol (p-NP) is one of the hazardous and toxic pollutants [15] that are widely used in industry. It is 
known to be highly soluble and stable in water, hence traditional methods for water purification are not 
effective. There are many techniques that were developed for the removal of p-NP and include: microbial 
degradation, microwave-assisted catalytic oxidation, electron fenton method, electrochemical treatment, and 
electrocoagulation [14,16,17]. However, these techniques are energy-consuming and involve the use 
of organic solvents [18]. Therefore, it is important to employ aqueous phase degradation of p-NP under mild 
conditions by using catalytic reduction methods. Au NPs are known for their excellent catalytic behaviour, and 
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the catalytic behaviour of nanocrystals was generally recognised as dependant on their exposed facets and 
their structure [18-21].  

In this study, we provide a green synthesis method for Au NPs and an assessment for the NPs produced by 
five different hydrocolloids. This assessment is based on the size, surface resonance plasmon band, and 
stability of these nanoparticles in aqueous solutions for nearly 3 months. These hydrocolloids are cost 
effective, non-toxic, and abundant in nature, which supports their sustainability. The hydrocolloids used in this 
study come from different resources such as: karaya (Kg) and tragacanth (Tg) from plant exudates, guar (Gg) 
from seed gums, xanthan (Xg) from microbial exudates, and carrageenan (Cg) from seaweed polysaccharides. 
In this study we also fulfilled the concept of green nanotechnology by providing a green synthesis of Au NPs 
and using these nanoparticles in the degradation of 4-Nitrophenol (p-NP) to 4-Amino phenol (p-AP). We have 
characterized these gold nanoparticles by centrifugal particle sedimentation (CPS), transmission electron 
microscopy (TEM), ultraviolent-visible (UV-Vis) spectroscopy, and Zetasizer. 

2. MATERIALS AND METHODS 

2.1. Materials 

Guar, Xanthan, Karaya, Tragacanth, and Carrageenan and have been used without purification. Chloroauric 
acid (HAuCl4), sodium hydroxide (NaOH) for adjusting pH, 4-nitrophenol, and Sodium borohydride were 
purchased from Sigma-Aldrich. 

2.2. Synthesis of gold nanoparticles 

5 ml of 0.1 % chloroauric acid (H[AuCl4]) were added to 2 ml of 0.1 % hydrocolloids solutions and 3 ml 
of distilled water. The pH of the reactions were maintained at 8 by 0.1 % NaOH and the mixture was stirred at 
70 °C for 15 minutes or until a colour change (the colour changed to wine red in the case of Gaur, and to purple 
with other hydrocolloids). 

2.3. Characterization of Au NPs 

UV-Vis spectroscopy (cintra 202 UV-VIS spectrophotometer, GBC, Australia), centrifugal particle 
sedimentation (DC24000UHR, CPS Instruments Inc., USA), zetasizer, ATR-FTIR spectrometry, transmission 
electron microscope (TEM), and selected area electron diffraction (SAED). 

2.4. Catalytic properties of gold nanoparticles in reducing 4-nitro-phenols  

For a catalytic reduction of 4-nitrophenol (p-NP), 23.4 µl of p-NP (3 mM), and 340 µl of sodium borohydride 
(63 mM) were added to a quartz cuvette containing 615 µl of deionized water. Thereafter, 21.6 µl of Au NPs 
(8 x 10-4mM) were added to start the reaction. The intensity of the absorption peak at 400 nm was used to 
monitor the reduction of the 4-nitrophenol (p-NP) to 4-aminophenol (p-AP) in the UV-vis spectrograms.  

3. RESULTS AND DISCUSSION 

All the five aforementioned biopolymers have been used for the synthesis of Au NPs by chemical reduction. 
The formation of nanoparticles was visually observed by changing the colour of the solution from the 
colourless, at the beginning, to the wine red with guar bio-template or the purple with other hydrocolloids.   

3.1. Stability of NPs  

In order to study the NPs stability for a long term, UV-vis spectral were analyzed and the zeta potential of the 
solutions were recorded over time. The long term stability of the produced nanoparticles are also confirmed 
through the steady data of surface plasmon resonance (SPR) and zeta potential over time. Figure 1 shows 
UV -Vis spectra for Au NPs colloids as a function of the ageing time. 
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Figure 1 UV spectra of Au NP synthesized by Gg (a), all hydrocolloids (b) 

Figure 1a shows Au NPs synthesized by guar where SPR band occurs at 520 ± 0.3 nm, without any shift in 
the peak for 90 days, which indicates the stability of gold nanoparticles synthesized by guar. The other 
hydrocolloids experience relatively small red shift over time as shown in Figure 1b. For more study about 
stability, the surface charge was measured at different time intervals. The values for zeta potential are shown 
in Figure 2. 

 

Figure 2 Zeta potential values for Au NPs composites at different time interval (0 to 90 days) 

The surface charge for higher stable nanoparticles should be outside the range of -25 mV to 25 mV [22], [23], 
and the five used hydrocolloids were measured outside this range. Moreover, their values are quite stable 
even after 90 days, which indicates a good dispersion of the nanoparticles. For Au NPs guar composites, zeta 
potential values remained steady at -29 mV over the entire time of study (90 days). For other NPs composites, 
zeta potential were larger than -30 mV, which is high enough to cause repulsive forces between the 
nanoparticles, as long as the distances between these nanoparticles are not enough to overcome the Van der 
Waals attraction. 

The nanoparticle have been analysed by CPS, as shown in Figure 3. The smallest particles size is 8 ± 1 nm 
for gold nanoparticles synthesized by guar. This was visually clear from its intense red colour shown in 
Figure 1a [24], and this value remains constant in agreement with both records from UV-Vis and zeta potential. 
For xanthan Au NPs, the measured diameter is 9 ± 1 nm. The largest size was for nanoparticles synthesized 
by carrageenan with a diameter of 17 ± 3 nm that tends to increase to 25 ± 4 nm at the end of the study (i.e. 
after 90 days).  
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Figure 3 Particles size distribution by CPS at different time intervals. 

 

Figure 4 HRTEM images for Au  NPs from Tg (a), Au NPs from Cg (b), and SAED  
for Au NPs from Cg (c) 

Figure 4 shows images from high resolution TEM. These images show the well dispersity of nanoparticles in 
the solution. The average diameter is 11 ± 2 nm in the case of Au Tg and Au Cg. The representative selected 
area electron (SAED) in Figure 4c for Au Cg nanocomposites show a predominant (111) planes of face-
centered cubic FCC structure.  

3.2. Catalytic application of Au NPs for 4-nitrophenol reduction 

The reduction of 4-NP was studied as a model reaction for the catalytic activity of the gold nanoparticles. 
23.4 µL of 3 mM 4-NP, 340 µL of NaBH4 of 63 mM were added to 615 µL distilled water at 10 pH. Before 
adding the Au NPs, the yellow colour of the solution remains the same even after one day. After adding 6.4 
µL of 8x10-4 mM Au NPs (5.1 x 10-6 mM in the final reaction), the colour gradually disappeared which indicates 
the reduction of 4-NPs to 4-APs. The reaction was monitored by measuring the intensity of the absorption 
peak of 4-NPs at 400 nm and it was found to decrease over time. As the initial concentration of NaBH4 was 
largely greater than the initial concentration of 4-NPs, we assumed the reaction follow the pseudo-first order. 

The linear correlation shown in Figure 5 suggests that, the reactions catalysed by Au NPs follow the first order 
kinetics. The kinetic rate constants (K) were determined by the slopes of the linear relationships. The highest 
value of 10.6 x 10-3 s-1 was found for Au guar composites, which was expected from its smallest size of 8 nm. 
The kinetic rate constants (K) for other nanocomposites are 10.6 x 10-3, 9 x 10-3, 7.9 x 10-3, 7.9 x 10-3 s-1, and 
6 x 10-3 s-1 for Au Gg, Au Cg, Au Kg, Au Tg, and Au Xg, respectively. 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

270 

 

Figure 5 shows a plot of ln (Ct/C0) versus time for Au Nps synthesized by different hydrocolloids 

4. CONCLUSION 

A green synthesis of the gold nanoparticles has been reported herein with an assessment of their composites 
that were synthesized by green, biocompatible, sustainable, cost effective, and eco-friendly routes. The study 
shows that, guar Au NPs composite has the smallest particle size (8 nm) with utmost stability for 3 months and 
a high kinetic rate (10.6 x 10-3 s-1) for the degradation of p-NP to p-AP. The zeta potential and the UV-vis 
analysis of Au NPs produced by Tg, Kg, Gg, Cg and Xg did not show much variation in magnitudes during the 
tested periods (0 to 90 days). Zeta potential values for all Au NPs composites are largely greater than 30 mV, 
which is a clear indication for their stability without any sign of aggregation during the study time which was 
three months.  
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Abstract 

In this paper we prepared flexible ammonia (NH3) gas sensor based on polyaniline (PAni) as an active sensing 
thin film layer. The sensors function was based on chemiresistive principle with thin film deposited on top 
of interdigitated electrodes. We measured the change in resistance of the thin film under gas exposure. The 
PET based foil has been used as the sensors substrate. The Interdigitated electrodes (IDE) has been printed 
with Fujifilm Dimatix DMP 2831 inkjet printer by nanocoloid silver ink. The active thin film has been prepared 
by drop casting method from polyaniline nanoparticle dispersion. The morphology of thin films surface was 
characterized by atomic force microscopy (AFM). The sensors response was investigated in a gas chamber, 
and the gas flow was controlled by mass flow meters. The sensitivity towards various gases under different 
concentration in synthetic air has been tested. The tested gases were NH3, NO2, CO2 and CO. The 
measurement of the sensors response to the different levels of humidity was also conducted. All the 
measurements were performed at room temperature, which is important feature for the sensor to be able to 
operate in hazardous environment and it facilitates low-power operation of the sensor as well. We also 
observed the long-term stability of the sensors response, as well as the effect of bending of the sensing 
platform on the sensors response and stability. 

Keywords: Ammonia, polyaniline, chemiresistive gas sensing, inkjet printing 

1. INTRODUCTION 

During the last decades, there has been growing interest in a gas sensing technology from many areas 
including industrial, environmental, domestic, military and many other industries. The ability to detect or monitor 
different gases became critical during some manufacture processes and in environmental issues, to avoid 
harmful effects caused by toxic gases. This demand accelerated research in gas sensor industry, and different 
gas sensing techniques were proposed. In this paper, we present a flexible chemiresistive ammonia gas sensor 
based on polyaniline as the sensing layer. 

Ammonia is natural as well as manufactured compound on our planet. It can be found in our atmosphere, 
water, soil and is typically found in our body. Although ammonia can be found all around us, the exposure to 
the high concentration of ammonia gas causes chemical burns of the respiratory tract, skin, and eyes. The 
ammonia gas can be detected by the human nose since it has a strong, unpleasant and irritating smell [1]. The 
detection limit of the human nose towards the ammonia gas is around 50 ppm. However, even lower 
concentrations can be irritating for the humans. The maximal allowed workspace concentration of ammonia is 
set to be 20 ppm. Today, most of the ammonia in our atmosphere is emitted direct or indirect by human activity 
[2]. There are so far four major industry areas with a need for ammonia gas sensing application. It is 
environmental, automotive, chemical industry and medical diagnostics. The detection of ammonia gas in the 
environment is especially critical near farming areas, where the concentration of the gas can exceed allowed 
exposure limits. Ammonia from decomposing animal excreta probably accounts for the most significant 
proportion of the ammonia produced, with the decay of organic materials from plants, dead animals, etc. The 
presence of ammonia can cause unhealthy conditions for both farmers and the animals especially indoors. 
The usage of ammonia detection in the automotive industry can be divided into three categories. The first is 
monitoring of the pollution caused by vehicles exhaust system, the second is control of indoor air condition, 
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while the third reason is the reduction of NOx in diesel engines. In the chemical industry, the vast majority 
of ammonia is produced for manufacturing of fertilizers. There are other processes using ammonia such as 
plastics, synthetic fibers, resins, explosives, and other uses. The detection of NH3 in very low concentrations 
is very interesting for medical diagnostics. Ammonia is produced by the human body, and the amount 
of produced NH3 can be used for diagnostics of certain diseases using breath analyzers. The detection limit in 
those systems needs to be in orders of tens to hundreds of ppb. Detection of such concentrations is so far 
possible by large and expensive optical sensors. The flexible sensor prepared in this paper belongs between 
solid state chemiresistive group of the gas sensors. As a sensing layer acted a thin film of polyaniline (PAni) 
and we observed the influence of light irradiation of the sensing layer on the response of the sensor as well as 
the influence of the sensors bending. 

2. AMMONIA GAS SENSING MECHANISM IN POLYANILINE 

The first report on chemiresistive properties of polyaniline towards ammonia gas was by Hirata et al. in 1994 
[3]. In recent years the attention of the scientific community was dedicated to exploring different 
nanostructures, composites and flexible sensors based on polyaniline. [4], [5], [6], [7]. The polyaniline belongs 
to the group of conjugated polymers, although the molecular structure is a little bit different since its absence 
of strictly alternating single and double bonds. The PAni has unique ability since its doped state can be 
controlled by the acid/base reaction. The ability of PAni to undergo doping/dedoping under acidic/basic media 
suggested that this material could be applied as a chemiresistive sensor for the detection of a wide range 
of compounds. When exposed in ammonia gas, PAni undergoes dedoping by deprotonation [8], [9]. The 
illustration of the chemical process mentioned above can be seen in Figure 1 The protons on -NH- groups, 
were transferred to NH3 molecules to form ammonium ions while PAni itself turned into its base form. This 
process is reversible, and in fact, when ammonia atmosphere is removed the ammonium ion can be 
decomposed to ammonia gas and proton [8] 

 

Figure 1 Schematic illustration of the dedoping process in polyaniline during exposure to ammonia gas [8] 

3. GAS SENSOR PREPARATION AND CHARACTERIZATION 

The gas sensors were prepared by an inkjet printer (IJP) on NoveleTM IJ-220 foil from Novacentrix. It is a 
PET-based printed electronics substrate for low-cost and low-temperature applications. The sensing array 
dimension was 16 x 7.7 mm and was connected to PCB by 8 PIN FPC connector. The sensing array consisted 
of four sensing IDE areas with dimensions approximately 2 x 2 mm each. The electrode width and spacing 
were designed to be 100 μm. The IDE was printed with Dimatix DMP 2831 drop on demand (DoD) IJP by silver 
nanoparticle ink Silver jet DGP-40LT-15C from Advanced Nano Products Co.Ltd. The masking layer was 
printed with ink of SU-8 photoresist XP PriElex® SU-8 1.0 from MicroChem. The active sensing layer was 
prepared from doped polyaniline (PAni) powder in the form of emeraldine salt obtained from Sigma Aldrich. 
The PANI was dispersed in laboratory grade p-Xylene from Sigma Aldrich. The dispersion of 2wt% of PAni in 
p-Xylene was stirred at room temperature and sonicated at 60 °C for 120 min. The thin film of PAni was 
deposited by simple drop casting method by laboratory pipette The photo of the sensor array with AFM picture 
of the surface of the sensor in the inset, and the schematic illustration of the sensor can be seen in Figure 2 
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Figure 2 On the left photo of actual sensor (inset AFM picture of the PAni surface) and the schematic 
illustration of each layer of the fabricated sensors on the right 

In Figure 3 can be seen the experimental setup for measuring the responses and the picture of the test 
chamber with the attached sensor and LED used for irradiation. It consists of gas bottles with target analytes, 
reduction valves, mass flow meters, valve switch, source meters, and the test chamber. The data were 
acquired by the LabVIEW program through the PC. The detection and cleaning stage of the measurements 
were cycled using two-way our inputs/output valve driven by VICI universal valve actuator controlled by the 
same LabVIEW program via the serial port. The measurement setup was identical to the one used by 
Davydova et al. reporting the gas sensing behavior of ZnO/diamond nanostructures. [10]  

 
Figure 3 Schematic illustration of measurement setup 

 

Figure 4 Photo of the test chamber with blue LED light source and the sensor array 
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The LEDs used for irradiation were powered by Keithley 2230G DC power supply. The LEDs used in 
experiment were blue, yellow and IR, with wavelength 470, 590 and 940 nm respectively. The picture of the 
test chamber with light irradiation setup is in Figure 4. 

4. RESULTS 

We measured the response of the sensor to different analytes in synthetic air (SA) (80 % N2, 20 % O2). The 
gas flow was set to 100 ml/min by mass flow meters. The measurement consisted of cleaning cycles (pure 
SA) and the testing cycles of target analyte mixed with SA. The tested gases were NH3, CO, CO2 and NO2. 
The response to the 50 ppm of NH3 analyte can be seen in Figure 5. The response to the step function of the 
NH3 analyte concentration can be seen in Figure 6. In presence of humidity (50 % RH), the response of the 
sensor to the NH3 was inhibited. The 
sensor exhibited negligible additive 
response towards CO2 and NO2 
analytes. During exposure to the CO 
analyte we observed decrease in 
resistance. When exposed to the 
different levels of humidity, the 
resistance of the sensor decreases 
dramatically and after exposure to 
25 % RH there was not any significant 
drop in the resistance upon exposure to 
higher RH levels. The bending of the 
sensor did not show any noticeable effect 
on the performance of the sensor. One 
of the goal of this paper was to research 
the influence of sensors surface by vis-IR 
light on the sensors response. The 
response did not show any significant 
changes upon the exposure to the light 
irradiation  

 
Figure 6 Response of the sensor to the step function of NH3 concentration at room temperature 

Figure 5 Response of the sensor to the 50 ppm of NH3 at 
room temperature 
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5. CONCLUSION 

The sensor array was successfully printed by silver ink and then the platform masked by SU-8 photoresist ink 
utilizing inkjet printing. The drop casting method used for deposition of an active layer showed its limitation 
especially concerning the film uniformity. This lead to different baseline resistance of fabricated sensing films. 
The response of sensors array was tested towards different gases in synthetic air at room temperature. The 
sensors showed good sensitivity towards the NH3 analyte. At room temperature, the sensor array did not fully 
recover during the cleaning cycles. The sensor had negligible response towards NO2 and CO2 analytes. When 
exposed to the CO analyte, the resistance of the sensor decreased possibly due to the reducing effect of the 
analyte and its reaction with adsorbed oxygen on the surface of the sensing layer. The response of the array 
was also measured under irradiation by vis-IR light. As light sources were used blue (470 nm) yellow (590 nm) 
and IR (940 nm) LEDs. There was not any noticeable influence caused by light irradiation on 
adsorption/desorption properties of the sensor. The possible interaction will also be investigated for other 
wavelengths. Repeated bending of the approximately by 45° did not show any significant decrease in 
performance. 
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Abstract 

Fluorescence imaging is an efficient and powerful technique, which has been often utilized for tracking 
compounds in animals, however its application on plants or other organisms is not very common. In this work, 
the fluorescence imaging was used to investigate the effect of selected nanoparticles - NPs (ZnO, CdTe, etc.) 
on microalgae (Scenedesmus quadricauda and Chlorella vulgaris) growth. The growth and metabolic activity 
of microalgae was influenced by application of nanoparticles into the growing medium (liquid and solid) and 
therefore the intrinsic fluorescence was affected. Microalgae pigments (chlorophylls, carotenoids) are 
responsible for the autofluorescence of the species and therefore, the fluorescence can be used as a tool for 
quick and easy evaluation of expression these compounds. These pigments have main role in light harvesting 
and minimize photo-oxidative damage of the cells. Such protection mechanism can be disturbed by another 
stress related compounds like NPs that presumably damage this protection mechanism i) indirectly (reactive 
oxygen species) and ii) directly (disruption of biomembranes). Owing to broad fluorescence imaging and 
correlation with total amount of chlorophylls and carotenoids it was possible to evaluate the influence of NPs 
on individual microalgae just only by in vivo imaging. 

Keywords: Nanoparticles, Scenedesmus quadricauda, Chlorella vulgaris, fluorescence, abiotic stress,  
        metabolic   

1. INTRODUCTION 

Algae are a large group of organisms which including unicellular microalgae and more complex multicellular 
organisms (macroalgae). In recent years, large-scale production of microalgae has been very successful 
especially for use in many branches, such as food, feed and fuel products [1]. In microalgae, pigments with 
fluorescent activity, in particular, carotenoids and chlorophylls have an important role in photosynthesis. 
Greenish, fat-soluble chlorophylls are pigments with porphyrin ring responsible for conversion of solar energy 
into the chemical energy. Carotenoids (β-carotene, lycopen, astaxanthin, zeaxanthin, vialoxanthin a lutein) 
perform two important functions: light absorption in range of visible spectrum, where chlorophyll does not (400-
530 nm [2]) and, thanks to their antioxidant activity, defence against formation of reactive oxygen species 
(ROS) [3].  

Plant systems are subject abiotic stress, which can be caused by many factors (for example cold, heat, and 
drought). Therefore, it is important to study of metabolic pathways in plant cells. This can be accomplished by 
many methods such as quantitative polymerase chain reaction [4], liquid chromatography [5] or mass 
spectrometry [6]. Use of imaging technologies is more favorable than mentioned methods, mainly for their 
financial and time-saving benefits. Imaging methods allow imaging in living organisms at the cell (microscopy), 
organ and/or whole body level. The most commonly used ones include ultrasound, computed tomography 
and/or magnetic resonance. NMR spectroscopy has contributed to the study of plant primacy or specialized 
metabolism in very diverse ways [7].  

On the other hand, fluorescence imaging is no very common yet even though compared to the above 
mentioned methods; it exhibits numerous advantages such as variability, multiplexing suitability and/or cost-
effectivity. Fluorescence in vivo imaging has a great potential for a wide range of molecular diagnostic 
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application. Fluorescence-based methods are increasingly used for their quantitative sensitivity, natural 
biological safety and fairly ease of use [8].  

In this study, a fluorescence in vivo imaging was used and changes in growth microalgae exposed to 
nanoparticle effects were investigated.  

2. MATERIALS AND METHODS 

2.1. Preparation of nanoparticle solutions 

Solutions of ZnO nanoparticles (NPs) were prepared by mixing a stock solution of the commercial NPs 
(Houston, USA) with distilled water at four different concentrations (0 mg/L, 10 mg/L, 50 mg/L a 100 mg/L). 
Solutions were sonicated for 10 minutes before use.  

2.2. Preparation of bold´s basal medium (BBM)  

Bold´s Basal Medium (BBM) has been prepared according to published method [9]. The final solutions were 
prepared by mixing 2 mL solutions of NPs (0 mg/L, 10 mg/L, 50 mg/L a 100 mg/L). Volumes were adjusted 
with BBM medium to 150 mL. One of these solutions (0 mg/L) was used as a control. All solutions were 
autoclaved and subsequent these media were added to petri dishes. 

2.3. Spot test 

The stock solution of microalgae (Scenedesmus quadricauda and Chlorella vulgaris) was prepared at 
absorbance of 0.1-0.2 AU. Then, four samples were prepared by subsequent dilution in ratio 1:1 with BBM 
without NPs. Individual samples (5 µL) were spotted onto petri dishes with NPs containing BBM (three spots 
per sample). In total, 4 petri dishes containing 12 spots (4 microalgae dilutions, in triplicates) were prepared 
for each microalgae specie (Scenedesmus quadricauda and Chlorella vulgaris) 

2.4. In vivo fluorescence imaging 

Monitoring of influence of nanoparticles on microalgae was performed using an In Vivo Xtreme Imaging 
System by Bruker (Massachusetts, USA). The parameters used for image acquisition were following: 
exposition time - 4 s, binning - 4x4 pixels, fStop - 1.1, field of view - 10x10 cm.  

Monitoring of influence of nanoparticles on microalgae has been performed using excitation filter of 650 nm 
and emission filter of 700 nm. Individual samples were measured consecutively for 6 days.  

For image post processing and analysis Bruker Molecular Imaging Software (Bruker, Massachusetts, USA) 
was used. In this software the spectral modeling was performed. 

3. RESULTS AND DISCUSSION 

In this study, the series of in 

vivo experiments has been 
done to evaluate the potential 
of influence of nanoparticles 
on microalgae. The samples 
of microalgae were monitored 
for 6 days and a change in 
fluorescence intensity was 
observed in pW/mm2. 

 

 

Figure 1 Microalgae Chlamydomonas reinhardtii (a) visible to the naked eye, 
Chlorella vulgaris including 100 mg/L NPs (b) invisible to the naked eye and 

Chlorella vulgaris including 100 mg/L NPs by fluorescence imaging (c). 
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Figure 2 Microalgae Chlorella vulgaris including 100 mg/L NPs (a) and microalgae without NPs (b). 
Fluorescence images captured at time intervals as noted above picture respectively. 

Fluorescence intensity was higher in microalgae including NPs (Figure 2a) than microalgae without NPs 
(Figure 2b). This could be due to the increased content of photosynthetic pigments, which could be explained 
by the balancing effect to overcome the toxicity induced by NPs [10]. But images show that fluorescence 
intensity was gradually fallen. Which could be the fact that metal NP and ions affecting metabolism in the form 
of excessive increasing levels of reactive oxygen species (ROS) within the microalgae [11].  

The images were further analyzed using Bruker Molecular Imaging Software. 

 

Figure 3 The graph A (Chlorella vulgaris) and the graph B (Scenedesmus quadricauda) show 3 
concentrations of NPs (a-c). The graphs show pure fluorescence intensity with deducted control 

fluorescence intensity. All 3 NPs concentrations (a-c) gradually killed the cells, therefore fluorescence 
intensity decreased in time gradually. The highest fluorescence intensity was detected at the highest 

concentration of NPs (A and B, a). 
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Figure 4 The growth rates of Chlorella vulgaris (A) and Scenedesmus qudricauda (B) 

Based on our results we have come the following hypothesis. The highest concentrations of nanoparticles 
(100 mg/L) affect probably almost the biosynthesis of plant pigments instantly. For about 4 hours, fluorescence 
intensity was superior to the other concentrations (Figure 3a-c). Which may be caused by stimulated 
of photosynthesis. It is important to note that the literature is not available for assessment. 

If we look at the growth rate (Figure 4A), we can see a concentration 10 mg/L the fluorescence intensity 
increased but concentrations 50 mg/L and 100 mg/L reduced it. We conclude it to reflect the amount 
of biomass. The smallest concentration of nanoparticles (10 mg/L) increased the amount of biomass, while 
concentration of NPs reduced it. The growth rate of Scenedesmus quadricauda (Figure 4B) was level-headed. 

4. CONCLUSION 

Microalgae are the first trophic level of the food chain, providing biological energy and oxygen for other 
organisms and playing very important roles in keeping the balance of aquatic ecosystems. Nanoparticles (NPs) 
are inevitably released into the aquatic environment for being widely used [12]. During this study the effect 
of nanoparticles on Scenedesmus quadricauda and Chlorella vulgaris was studied. The NPs can be a stress 
factor and promote the emergence of ROS. Mentioned changes in growth of microalgae were observed using 
modern in vivo imaging technology. Today, the in vivo imaging method is used primarily in animals, whereas 
in plants it is not so common. Thanks to this technology, we would like to optimize in vivo imaging methods in 
plant materials. The future should be, for example, recognizing the distribution of toxic substances in plants to 
preserve the safety of agriculture and food. 
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Abstract  

The type, number, and magnitude of environmental constraints are currently undergoing changes due to shifts 
in climate patterns already observed for the past and predicted for the future. These changes are already 
affecting grape composition with observed changes in sugar and acidity concentrations. UV sensor in 
vineyards is therefore needed. In this work, the ability of cadmium telluride quantum dots (CdTe QDs) to 
respond to UV radiation was examined. Green, yellow, orange, and red CdTe QDs were freshly prepared 
every day and exposed to UV daily radiation for 12 hours for seven consecutive summer days. Every day, 
solar irradiance was measured, reaching maximal values during the day of around 200-700 W/m2 with a UV 
index of 2-8. The highest solar and UV irradiances were on the third, fourth, sixth, and seventh days (700 
W/m2, UV index 8). The lowest solar and UV irradiances were on the first and fifth days (600 W/m2, UV index 
6). On the second day, both irradiances were average (200-500 W/m2; UV index 4-7). The physical properties 
of individual QDs (absorption and fluorescence maxima, electrochemical determination of cadmium 
concentration) were monitored. The rising dose of UV radiation led to the release of cadmium ions and the 
change in the size of individual QDs (a significant change of colour directed toward to the red area of the visible 
light spectrum). Yellow, orange, and green QDs responded most to UV radiation. This sensor will be used for 
detection of UV radiation in vineyards.  

Keywords: UV radiation, quantum dots, electrochemical detection, fluorimetric detection, climate change 

1. INTRODUCTION 

The sun is a natural source of UV (ultraviolet light) radiation on Earth; however, only the UV-A and UV-B 
components of this radiation enter the troposphere. UV-A radiation has a wavelength range of 320-400 nm 
and accounts for/represents 99 % of the sun's UV rays that fall on the Earth's surface. UV-B radiation has 
been found to cause the release of Cd2+ ions from quantum dots (QDs) due to/as a result of cadmium telluride 
(CdTe) QDs surface oxidation [2].  

Tsipotan et al. examined the effect of visible light and UV radiation on the aggregation stability of CdTe QDs 
[3]. In the case of ultraviolet light, photoinduced reduction of CdTe QDs size was confirmed. Typical CdTe QDs 
stabilised with mercaptosuccinic acid (MSA) after exposure to specific UV-B radiation at a given wavelength 
and energy resulted in excitation of a system capable of generating a whole group of molecularly reactive 
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oxidation intermediates (ROI) and reactive oxygen species (ROS) [2,4]. Due to the photodynamic effect 
of CdTe QDs, free cadmium ions are released. 

This mechanism has been used to construct a new, very simple, and completely non-demanding qualitative 
UV-B radiation sensor, even in places where technical equipment is not available. Such a sensor can be used 
to monitor the UV-B radiation in the cultivation of vine. In this study, for the very first time, a mercaptosuccinic 
acid-stabilised CdTe QDs sensor for monitoring of UV-B radiation was proposed, and the possibility of it using 
CdTe QDs has been investigated.  

2. MATERIAL AND METHODS 

2.1. Chemicals 

All chemicals used in this study (Cd (CH3COO)2 · 2H2O, Na2TeO3, mercaptosuccinic acid, Trizma base, HCl) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA), in ACS purity. Propanol, NaBH4 was purchased 
from Merck (Darmstadt, Germany), and 25 % aqueous NH4OH was purchased from Lach-Ner s.r.o. 
(Neratovice, Czech Republic). All chemicals that we used for gel electrophoresis were purchased from VWR 
(Germany). All plastic materials used (tubes, tips) in this study were purchased form Eppendorf (Hamburg, 
Germany).  

2.2. CdTe quantum dots synthesis 

The preparation of CdTe quantum dots (QDs) was as follows: 10 ml of solution Cd(CH3COO)2 · 2H2O (0.02 
M), 76 ml of H2O, 1 ml of mercaptosuccinic acid (MSA) solution (0.4 M), 5 mL of Na2TeO3 (0.02 M), and 40 
mg of NaBH4 was stirred with a magnetic stirrer (VMS-C4, VWR International Ltd., Darmstadt, Germany) for 
at least two 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 two minutes for green QDs, 
four minutes for yellow QDs, six minutes for orange QDs, and eight minutes for red QDs. The final 
concentration of QDs was 2 mM. 

2.3. Spectrometry and fluorescence measurement 

Absorption and fluorescence spectra were obtained with the Tecan Infinite 200 PRO Multifunctional Reader 
(TECAN, Switzerland). For absorption spectra, the wavelength was in the range 400-800 nm. For fluorescence 
spectra, there was an excitation wavelength of 250 nm and an emission wavelength in the range 350 nm to 
800 nm. The optical properties of nanoparticles were studied by spectral analysis. The absorbance spectra 
of nanoparticles were recorded within the range of 400 to 800 nm using a UV-3100PC UV-VIS 
spectrophotometer (VWR, Germany).  

2.4. Electrochemical determination of cadmium ions 

Determination of Cd2+ by difference pulse voltammetry (DPV) was performed at 663 VA Stand (Metrohm, 
Switzerland). A standard cell with three electrodes was used, and a hanging mercury drop electrode (HMDE) 
with a drop area of 0.4 mm2 was employed as the working electrode. An Ag/AgCl/3M KCl electrode acted as 
the reference and a carbon electrode was auxiliary. For data processing, VA database software by Metrohm 
was employed. The analysed samples were deoxygenated prior to measurements by purging with argon 
(99.999 %). Acetate buffer (0.2 M sodium acetate and 0.2 M acetic acid, pH = 5) was used as a supporting 
electrolyte. The parameters of the measurement were as follows: initial potential -1.2 V, end potential 0 V, 
deoxygenating with argon 120 s, accumulation time 120 s, step potential 5 mV, modulation amplitude 25 mV, 
volume of injected sample: 50 µL, volume of measurement cell 10 mL. The samples, the electrolyte, and the 
measuring vessel were thermostated using the JULABO-200 circulation pump (Germany). The temperature 
was set to 20°C for all measurements.  
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2.5. Measurement of physical parameters 

The location of the weather stations was an open non-industrial landscape in Boskovice, Czech Republic; for 
the monitoring, two independent measuring points with the frequency parameter of 60 s were selected. We 
used data from the Davis meteorological station (Hayward, USA). The station is located in Boritov, with 16° 
58’ 65” E longitude and 49° 43’ 09” N latitude. Its altitude is 305 m a.s.l. Each weather station’s temperature, 
humidity, and rain sensor are at 1.85 m, and solar and UV sensors are at 3.5 m. Individual parameters were 
collected at one-minute intervals. All data were automatically sent to the control unit and then to a computer 
database to store data.  

2.6. Statistic and results evaluation 

Experimental work was performed in at least three independent experiments. Each sample in the experiments 
was analysed at least five times. The obtained data presented in this paper are average values. No 
experimental points were excluded from the proposed experimental study. All the obtained data are stored in 
the Qinslab database. If possible, data were processed and evaluated mathematically and statistically in the 
Qinslab database. The results were expressed as mean ± standard deviation (S.D.). Photos were processed 
by the ColorTest program, which assigns intensity to the individual pixels of the studied image in a given colour 
area [5]. For preparing the publication, the data were processed using Microsoft software (USA).  

3. RESULTS  

3.1. Quantum dots as sensor for UV radiation 

CdTe QDs were freshly prepared every day and exposed to UV radiation daily for 12 hours for seven 
consecutive summer days. After each exposure, their basic physicochemical characteristics were evaluated. 
The principle of our prepared sensor is shown in Figure 1. 

 

Figure 1 Schematic representation of the QDs function for sensor application. Typical CdTe QDs stabilized 
with mercaptosuccinic acid (MSA) after exposure to specific radiation at a given wavelength and energy 

leads to the excitation of a system that is capable of generating a whole group of molecular oxygen 
intermediates and relative oxygen species. In addition, due to the photodynamic effect of CdTe QDs, free 

cadmium ions are released. 
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3.2. Biophysical characteristics of prepared CdTe quantum dots  

We decided to use CdTe QDs stabilised with mercaptosuccinic acid (MSA) in microwave synthesis. Four types 
of CdTe QDs: green, yellow, orange, and red (Figure 2A) were prepared by microwave synthesis (500 W) and 
under UV light (310 nm). A typical profile of the individual types of QDs on the PAGE gel after their separation 
is shown in (Figure 2B) and the intensities of the colour signals of the QDs electrophoretic bands can be seen 
in Figure 2C. Typical absorption spectra can be seen in Figure 2D. In the visible area of the spectrum, the 
absorption maxima were as follows: green QDs 519 nm, yellow QDs 544 nm, orange QDs 563 nm, and red 
QDs 564 nm. Typical fluorescence maxima are shown in Figure 2E. The fluorescence maxima were as follows: 
green QDs 532 nm, yellow QDs 560 nm, orange QDs 596 nm, and red QDs 654 nm. The cadmium 
concentration electrochemically determined was as follows: green QDs 1878 μM, yellow QDs 1739 μM, orange 
QDs 1636 μM, and red QDs 1181 μM (Figure 2F,G). The determined nanoparticle size ranged between 5 and 
10 nm. 

 

Figure 2 Biophysical characteristics of prepared CdTe quantum dots (QDs) used for environmental 
experiment. (A) Fluorescence of the prepared dots under UV light (310 nm) used in the experiment 

described above. (B) Typical profile of individual types of QDs on PAGE gel after separation (1.5h, 100V). 
(C) The created profile was analysed using the COLOR test program developed by us. The intensities 

of individual pixels are plotted in different colour profiles. (D) Spectrophotometric characterization of QDs, 
plastic cuvette 1 cm track, blank solution - water. (E) Fluorometric characteristics of QDs measured in a UV 

transparent plate at excitation of 250 nm. (F) The cadmium concentration in studied QDs. (G) Typical 
calibration curve for electrochemical cadmium analysis in organic form. All experiments were performed in 
five replicates, the displayed data being the average values. Other experimental details are described in 

Materials and Methods. 
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3.3. Summary of biophysical characteristics of QDs after their exposure to UV radiation 

Four types of CdTe QDs (green, yellow, orange, and red) were exposed to UV radiation daily for 12 hours 
(QDs were freshly prepared each day) and the measurements were repeated for seven consecutive days in 
the summer. The course of the whole experiment, expressed in terms of average differential changes, is 
shown in Figure 3. The integral sum of the areas of the measured solar irradiance (W/m2) and the UV index 
is shown in Figure 3A and Figure 3B. The highest solar and UV radiations were on the third, fourth, sixth, and 
seventh days, whereas the lowest solar and UV radiations were on the first and fifth days. On the second day, 
they were average. The cadmium concentration reached the highest values for non-irradiated (freshly 
prepared) QDs (day 0). The lowest Cd values were then reached on the sixth and seventh day (Figure 3C).  

 

Figure 3 Changes in the observed biophysical parameters of CdTe QDs after exposure to the environment. 
The above figure shows the integral sum of the areas measured by solar irradiance (W/m2) (A) and the UV 
index values (B) on the observed days in the experimental locality. On individual days, fluctuations in the 

integral radiation values are well traceable. The cadmium concentration (μM) of CdTe QDs on the observed 
days where in day 0 the initial cadmium concentration in CdTe QDs is given (C). The individual tested colour 
QDs are marked in the graphs with the appropriate colours. The results were evaluated as averages of five 

replicates. Other experimental details are described in Materials and Methods 

4. CONCLUSION 

This study provides an important basis for further understanding the relationship between the behaviour 
of CdTe QDs and UV radiation, and offers valuable information for their potential practical use as a sensor in 
the near future. The findings show that MSA-stabilised CdTe QDs are a suitable platform for the measurement 
of UV irradiance. This unique feature of the designed sensor seems to be a promising prospect for its versatile 
use in a variety of industrial and environmental applications, particularly in vineyards. 
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Abstract  

This paper investigates the preparation of composite metal-polymer nanostructures formed on the surface 
of polyethersulfone (PES) by an excimer laser beam. Conditions for laser beam modification varied with the 
laser fluence of 4-28 mJ·cm−2 and number of pulses up to 6000. The samples were further deposited with a 
layer of metals Ag, Au, Pd and Pt with a thickness of 5-20 nm and their surface morphology was examined by 
atomic force microscopy (AFM). Electrical properties of layers were also investigated and for optical properties 
UV-Vis spectroscopy was used. Composites prepared by this approach were studied further for stability under 
laser modification. Surface morphology measurement revealed creation of laser induced periodic surface 
structures (LIPSS) in forms of nanoripples after modification with laser fluence value of 8 mJ·cm−2 and 
nanodots after modification with laser fluence value of 16 mJ·cm−2. It has been found that metal layer 
deposition of the surface leads to formation of isolated clusters. Those metallized with the treatment of laser 
fluence 8 mJ∙cm-2, preferably aggregated on the ridge of the ripples and their electrical continuity was further 
examined. The nanostructured surfaces may be used as antibacterial material, also with potential to guide the 
specific types of cells, such are e.g. osteoblasts.  

Keywords: Excimer laser, polymer, surface morphology, nanostructure, composite 

1. INTRODUCTION  

Nanostructuring of the surface brings a number of advantages and new material properties for the material 
under investigation. The process is based on the preparation of shapes of various patterns in the nanometer 
scale on a homogeneous surface of functional polymeric materials, which gives to the material modified 
physical and chemical properties [1]. Such an example of change in properties may be surface treatment 
associated with increased roughness. That also leads to an increase in reactivity of the material. Surface 
properties therefore play a significant role in interacting with other substrates, especially in the preparation 
of the metal-polymer composite material [2]. 

A suitable alternative for forming nanostructures on the polymer surface is excimer laser exposure. This 
technique provides the advantage that the morphology of the surface or chemical composition in the surface 
layer can be altered without changing the properties of the bulk material. Laser-induced Periodic Surface 
Structure (LIPSS) arises from a surface treatment technique that is governed by laser parameters such as 
wavelength, fluence, beam intensity, duration, and other radiation conditions [3-5]. The scientific goal of this 
paper is to introduce a simple method, how to prepare composite material merging both conductive and 
polymeric properties.  

2. EXPERIMENTAL 

2.1. Material and modification 

For experiments we used polymer foils of polyethersulfone (PES, thickness 50 μm, density 1.37 g cm−3, glass 
transition temperature Tg 226 °C) supplied by Goodfellow Ltd., Cambridge, Great Britain. The polymer was 
modified with a 248 nm laser beam using the Compex Pro50 excimer pulse KrF laser with the NovaTube. The 
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value of laser fluence was set at 4-16 mJ∙cm-2 with an attenuator, and the optical path of the beam was 
adjusted by dielectric mirrors from SiO2 for combined reflection 248/633 nm. The modification time was 
determined by the number of pulses 1000-6000 at a frequency of 10 Hz. For the treatment of the laser beam, 
a 25x25x25 mm3 prism polarizer was used with a polarizing layer and a polarizing circular Eksma Optics with 
a diameter of 25.4 mm. Subsequently, the beam passed through a metal aperture, which bounded the 
modification area to an area of 0.5 cm2.  

 
Figure 1 Schema of the preparation of metal-polymer nanostructures 

2.2. Characterization techniques 

To study morphology, a Dimension ICON (Bruker Corp., US) atomic force microscope was used in ScanAsyst 
mode. The silicon tip is mounted on a SCANASYST-AIR nitride lever with a spring constant of 0.4 N.m-1. The 
NanoScope Analysis application was used to process the data, and the average roughness values (Ra) 
represent the mean of the deviations from the center plane of the sample. The image sizes ranged from 
300x300 nm2 to 10x10 μm2. 

Sheet electrical resistance of the samples was determined by a two-point method using KEITHLEY 487 
picoammeter. For this measurement additional Au contacts, about 50 nm thick, were prepared by sputtering. 
The electrical measurements were performed at a pressure of about 10 Pa in a shielded chamber to minimize 
influence of atmospheric humidity and stray current. The UV-Vis spectra were measured using a PerkinElmer 
Lambda 25 spectrometer in the spectral range from 225 to 400 nm. The applicable range is 190-1100 nm with 
bandwidth of 1 nm (fixed). 

3. RESULTS AND DISCUSSION 

Substrates after modification with 6000 pulses and the linearly polarized laser beam at laser fluence  
8 mJ∙cm-2 showed the formation of a regular ripple nanostructure. However, the choice of a higher modifying 
fluence of 16 mJ∙cm-2 led to formation of the regular nanodots structure and the substrates exhibited a lower 
surface roughness. After laser modification, samples were deposited with thickness of 5, 10 and 15 nm of Ag 
layer. The effect of the laser fluence and the thickness of the metal layer on the surface structure was studied. 
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3.1. Surface morphology and roughness 

AFM images of sputtered nanostructures with metal nanolayers showed their similar surface morphology, but 
the most significant changes in surface roughness were achieved with the silver layers after modification by 
laser fluence of 8 mJ∙cm-2. In all the images, it was evident that metal sputtering did not result in the formation 
of a layer electrically continuous which would cover the surface of the polymer. The cluster formations of silver 
atoms, which has predominantly grown on the ridge of the ripples, were formed (Figures 2A, 2B). Longer 
metal deposition time caused cluster to grow, but there was still a significant ripple-like structure typical of the 
laser fluence value of 8 mJ∙cm-2 and thus the prevailing influence of polymer on surface morphology. The 
surface roughness of the sample was 39 nm (Figure 2A). 

Images of samples irradiated with laser fluence of 16 mJ∙cm-2 had typical globular structure on the surface 
(Figures 2C-D). Metal sputtering in this case smoothens the surface, as metal clusters preferably fill the 
deepened formations in the polymer. The 15 nm layer thus appears to be completely planar and also exhibits 
the lowest surface roughness Ra = 2.5 nm (Figure 2C). 

 
Figure 2 AFM images of samples after irradiation with 6000 pulses of laser fluence 8 mJ∙cm-2 with a silver 

layer of 10 nm (A) and 15 nm (B, detailed 300x300 nm2), and 16 mJ∙cm-2 with a silver layer of 15 nm (C) and 
10 nm (detailed 300x300 nm2, D). 

3.2. Electrical properties 

A graph of resistance dependence on effective layer thickness typical for thin metal layers on isolating 
substrate can be seen (Figure 3). The sheet electrical resistance was examined in the direction corresponding 
to the ripple orientation at a laser fluence value of 8 mJ·cm-2. It is shown that the 5 nm metal layers reach the 
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highest resistances up to MΩ. This resistance values indicate the possible occurrence of conductive joints 
formed on the surface structure. Higher effective electrical continuity can be observed for metal layers 
of thickness 10 and 15 nm, where there is no significant decrease in resistance. 

 
Figure 3 Sheet electrical resistance of thin Ag and Au layers after irradiation with 6000 pulses of laser 

fluence 8 mJ∙cm-2 and 16 mJ∙cm-2 

3.3. Optical properties 

The UV-Vis spectroscopy method was subsequently used to characterize the samples. We investigated the 
absorbance of deposited metal layers in dependence on the wavelength. Figure (4A) shows the absorbance 
of deposited gold layers of 5, 10 and 15 nm thickness after modification of 6000 pulses by laser fluence value 
of 8 and 16 mJ·cm-2. The graph shows the trend that samples modified by a higher laser fluence value reach 
higher absorbances across the wavelength range. Similarly, the increasing thickness of the layer resulted in 
higher absorbance for all wavelengths. Both of these trends were common to other studied samples of Ag, Pt 
and Pd. 

The next Figure (4B) examines the effect of modifying pulses on the absorbance of the sample with a thin 
layer of 5 nm of gold. It is noteworthy that while the pristine PES polymer exhibited the lowest absorbance, the 
modified samples increased its absorbance with the increasing number of pulses. 

A completely different situation occurred after the sample was sputtered with a 20 nm thick layer of metal, as 
illustrated in Figure 4C. Such a strong layer completely suppressed the influence of the substrate and its 
modification by different pulse counts. Further, the absorbance, unlike all previous cases, showed a stable 
absorbance value below 0.5 even in the shorter wavelength range. 
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Figure 4 UV-Vis spectra of Au metal layers: 6000 pulses, 8 mJ∙cm-2 and 16 mJ∙cm-2, 5-15 nm of Au (A); 0-
6000 pulses, 8 mJ∙cm-2, 5 nm of Au (B), 0-6000 pulses, 8 mJ∙cm-2, 20 nm of Au (C) 

CONCLUSION 

This work focuses on the preparation of metal-polymer nanostructures achieved by the excimer laser beam. 
The PES substrate was modified by a laser beam with a pulse rate of 1000-6000 and a laser fluence in the 
range of 4 and 16 mJ∙cm-2. Modification by a laser fluence of 8 mJ∙cm-2 led to the formation of nanoripples, 
whereas the higher value of the laser fluence 16mJ∙cm-2 led to the formation dot periodic structures. 
Morphology was investigated on the surface of samples deposited with metal layers. Layer thicknesses of 5-
15 nm deposited on the modified surface led to the formation of isolated metal clusters. Surface metallized 
after the treatment of laser fluence 8 mJ∙cm-2, preferably aggregated on the ridge of the ripples. All 
measurements of UV-Vis spectroscopy revealed that the lowest absorbance showed the original PES 
substrate, and the effect of increasing the absorbance is caused by the number of modifying pulses, the laser 
fluence value and the thickness of the layer itself. The rapid increase in absorbance occurred in wavelength 
ranges of 400 nm or less. If the layer thickness reached 20 nm, the modification of the samples no longer had 
an effect on the absorbance. Antibacterial properties of these metal layers deposited on nanostructured 
surface could be used for material supressing the bacteria biofilm formation, surface with regular 
nanostructures has also potential to guide the specific types of cells, such are e.g. osteoblasts. 

ACKNOWLEDGEMENTS 

This work was supported by the Ministry of Health of the CR under project 15-32497A. 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

294 

REFERENCES 

[1]  CASTILLEJO, M., EZQUERRA, T. A., OUJJA, M., & REBOLLAR, E. Laser nanofabrication of soft matter. 
In: Lasers in Materials Science. Springer, Cham, 2014. p. 325-344. 

[2]  ZAPOROJTCHENKO, V., STRUNSKUS, T., BEHNKE, K., VON BECHTOLSHEIM, C., KIENE, M., & FAUPEL, F. 
Metal/polymer interfaces with designed morphologies. Journal of Adhesion Science and Technology, 2000, 14.3: 
467-490.  

[3] BÄUERLE, DIETER. Adsorbed Layers, Laser-MBE. In: Laser Processing and Chemistry. Springer, Berlin, 
Heidelberg, 2011. p. 457-475. 

[4]  REBOLLAR, ESTHER, MILDNER, J., GÖTTE, N., OTTO, D., SARPE, C., KÖHLER, J., ... & CASTILLEJO, M. 
Microstructuring of soft organic matter by temporally shaped femtosecond laser pulses. Applied Surface Science, 
2014, 302: 231-235. 

[5]  FAJSTAVR, D.,  MICHALJANICOVA, I., SLEPICKA, P., NEDELA, O., SAJDL, P., KOLSKA, Z., & SVORCIK, V. 
Surface instability on polyethersulfone induced by dual laser treatment for husk nanostructure 
construction. Reactive and Functional Polymers, 2018, 125: 20-28. 

[6]  BASTING, DIRK; MAROWSKY, Gerd (ed.). Excimer laser technology. Springer Science & Business Media, 2005. 

[7]  BOHAC, V., D'ANNA, E., LEGGIERI, G., LUBY, S., LUCHES, A., MAJKOVA, E., & MARTINO, M. Tungsten 
silicide formation by XeCl excimer-laser irradiation of W/Si samples. Applied Physics A, 1993, 56.4: 391-396.  

[8] REBOLLAR, ESTHER, DE ALDANA, J. R. V., MARTIN-FABIANI, I., HERNANDEZ, M., RUEDA, D. R., 
EZQUERRA, T. A., ... & CASTILLEJO, M. Assessment of femtosecond laser induced periodic surface structures 
on polymer films. Physical Chemistry Chemical Physics, 2013, 15.27: 11287-11298. 

[9]  KVITEK, O.,  FAJSTAVR, D., REZNICKOVA, A., KOLSKA, Z., SLEPICKA, P., & SVORCIK, V. Annealing of gold 
nanolayers sputtered on polyimide and polyetheretherketone. Thin Solid Films, 2016, 616: 188-196. 

[10]  THOMAS, B.; ALLONCLE, A. P. DELAPORTE PH., SENTIS M., SANAUR, BARRET M., COLLOT 
PH.“Experimental investigations of laser induced forward transfer process of organic thin films” Appl. Surf. Sci, 
2007, 254.4: 1206-1210. 

[11]  LAZARE, S., TOKAREV, V., SIONKOWSKA, A., & WISNIEWSKI, M. Surface foaming of collagen, chitosan and 
other biopolymer films by KrF excimer laser ablation in the photomechanical regime. Applied Physics A, 2005, 
81.3: 465-470. 

[12] REBOLLAR, ESTHER, VAZQUEZ DE ALDANA, J. R., PEREZ-HERNANDEZ, J. A., EZQUERRA, T. A., 
MORENO, P., & CASTILLEJO, M. Ultraviolet and infrared femtosecond laser induced periodic surface structures 
on thin polymer films. Applied Physics Letters, 2012, 100.4: 041106. 

[13]  CHAN, C.-M.; KO, T.-M.; HIRAOKA, HIROYUKI. Polymer surface modification by plasmas and photons. Surface 

science reports, 1996, 24.1-2: 1-54. 

[14]  REZNICKOVA, A., KVITEK, O., FAJSTAVR, D., SLAVIKOVA, N., & SVORCIK, V. Substrate Effects of Noble 
Metal Nanostructures Prepared by Sputtering. In: Noble and Precious Metals-Properties, Nanoscale Effects and 
Applications. IntechOpen, 2018. 

  



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

295 

POLYURETHANE MODIFIED BY PLASMA ION IMPLANTATION 

1,2V.S. CHUDINOV, 2I.N. SHARDAKOV, 2A.L. SVISTKOV, 3A.V. KONDYURIN 

1Perm State University, Perm, Russian Federation, chudinovsl@mail.ru 
2Institute of Continuous Media Mechanics of the Ural Branch of Russian Academy of Science, Perm, 

Russian Federation 
3School of Physics, University of Sydney, Sydney, Australia 

Abstract 

Polyurethane was treated by nitrogen ions with energy of 20 keV and fluence of 1014 - 1016 ions/cm2. Modified 
polyurethane was investigated by the IR FTIR, Raman and EPR spectroscopy, AFM microscopy. The contact 
angle and the surface energy of modified polyurethane are measured. Polyurethane after treatment has a 
carbonized layer of 70 nm thickness and partly depolymerized layer below the carbonized layer. Polyurethane 
after treatment have wave-like surface relief and cracks. Carbonized layer of the modified polyurethane 
contains highly active free radicals. It provides high hydrophilicity of modified polyurethane surface. High 
activity free radicals and hydrophilicity of modified polyurethane surface provides a saving of biological activity 
of the covalently attached proteins. As results, it provides to attachment and growing of endothelial cells on 
the polyurethane surface. The modified polyurethane can be applied for soft tissue medical implants. 

Keywords: Carbonized layer, polyurethane, plasma ion implantation, implant, biocompatibility 

1. INTRODUCTION 

Inserting of synthetic medical implants induces an immune system complex of local cellular and responses 
of humoral immunity to a foreign body and inflammation [1,2]. The result of these reactions is the formation 
of a connective tissue capsule that isolates the implant, inflammatory complications, etc. The implants are 
rejected, become non-functional, and repeated surgical interventions are required. The risk of operations for 
patients in old age, patients with diabetes mellitus and other diseases is very significant. Patients receiving 
immunosuppressants create additional risks and are not always applicable due to side effects. For these 
reasons, the creation of synthetic implants without a foreign body reaction is very desirable. The recent studies 
on the creation of a continuous active protein layer on the implant surface show the possibility and prospects 
of such implants. The protein layer on the surface of the implant makes possible to exclude the contact of the 
cells of the body's immune system with the naked surface of the implant [3-5]. 

Earlier in our works, we show that the polyurethane modified by plasma-ion treatment on a device with a planar 
geometry of the electrode contains a surface carbonized layer about 50-70 thick and has activity, which is 
provided by the presence of free radicals. The high activity and hydrophilicity of the modified surface polymer 
layer ensures stable adsorption of the protein on the surface of the polyurethane with the formation of a 
covalent bond and with the preservation of the biological activity of the adsorbed protein [6,7]. 

2. MATERIALS AND METHODS 

We synthesized polyurethane from a prepolymer based on 2,4-toluylene diisocyanate and polyether with a 
hardener methylene bis-orthochloroaniline. Components of polyurethane were mixed for 1 min. We get film 
of polyurethane in Petri dishes and anneal it in vacuum oven at a temperature of 100°C for 24 hours. The 
thickness of the final films was 0.5 mm. Films of polyurethane were washed in heptane and deionized water 
and dried in a dust-free environment. 

Polyurethane was treated by nitrogen ions with energy of 20 keV at a different time of treatment, which 
correspond fluence of 1014 - 1016 ions/cm2. 
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Modified polyurethane was investigated by the IR FTIR, Raman and EPR spectroscopy, AFM microscopy. 
Raman spectra were recorded on a Ramanshaw spectrometer with a microscope, a lens of x50. EPR spectra 
were recorded on electron paramagnetic resonance spectrometer Spinscan X. The topography of the 
polyurethane surface modified by plasma ion implantation was analyzed using the Park System atomic force 
microscope. 

3. RESULTS 

Raman spectra of polyurethane contain lines related to the vibrations of the polyurethane macromolecule 
(Figure 1). The most intense peaks are observed in the region of 1619 cm-1 (vibrations of the aromatic ring), 
1453 and 1320 cm-1 (vibrations of the ether part of the macromolecule), as well as the less intense peaks 
of 1712 cm-1 and 1540 cm-1 oscillations of Amide I and II urethane groups, 1080, 1125 and 1267 cm-1, the 
skeletal vibrations of the polyester chain. The Raman spectrum of polyurethane treated with a fluence of 1016 
ions / cm2 also showed polyurethane lines (1128, 1250, 1450, 1524 and 1690 cm-1), but the intensity of these 
lines is much less than in the spectrum of untreated polyurethane. Two new intense lines, 1348 and 1595 cm-

1, related to the vibrations of carbon structures are also observed. The peak at 1595 cm-1 refers to the vibrations 
of E2g graphite. The type of this oscillation is active in the Raman spectrum. The peak at 1348 cm-1 refers to 
the vibrations of A1g graphite. This peak is not active in the Raman spectra. The appearance of this peak is 
associated with the presence of graphite structure defects and breaking of the selection rules for the Raman 
spectrum. The intensity and position of the peaks show that these lines refer to the resonance effect of Raman 
spectra when the absorption line of electronic levels of graphite structures coincides or is close to the laser 
excitation line (514 nm) in Raman spectra. According to the model of the Ferrari and Robertson carbon 
structures [8, 9], the position of the lines and the intensity ratio correspond to the a-C structure of amorphous 
carbon with graphite clusters, a characteristic size of about 2 nm. Thus, a graphite-like layer was created on 
the polyurethane surface as a result of plasma ion treatment. 

 

Figure 1 Raman spectra of polyurethane without the treatment (1, blue spectrum) and treated with nitrogen 
ions of 20 keV energy for 800 sec with a fluence of 1016 ions / cm2 (2, red spectrum). Arrows show the lines 

D and G of carbon structures 
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EPR spectra show the presence of free radicals in the treated polyurethane (Figure 2).It supports our results 
of IR FTIR spectroscopy surface layer of treated polyurethane [7]. As result modified polyurethane surface is 
high hydrophilic. It provides to covalently attachment protein molecules on the carbonized layer of modified 
polyurethane and growing of endothelial cells on the polymer surface. 

 

Figure 2 Electron paramagnetic resonance spectra of a polyurethane film (SCU-PFL), untreated and treated 
with nitrogen ions with an energy of 20 keV of 800 sec (corresponding to a fluences of 1016 ions / cm2). The 

film was processed and stored 2.5 months in the laboratory conditions before recording the spectrum 

 

Figure 3 Topology of the surface and phase picture of interaction between cantilever and the surface for 
untreated polyurethane 

The topology of the polyurethane film surface varies significantly after treatment (Figures 3-4). The surface 
of untreated polyurethane shows a roughness of 80 nm region for 10x10 um, but shows the homogeneity 
of interaction with the microscope cantilever by the phase image. The character of the surface roughness is 
random. The surface of the treated polyurethane is characterized by a large number of folds and cracks. 
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Analysis of the folds shows that the amplitude of the folds is much higher than the thickness of the modified 
layer (Figure 5). The direction of the folds is chaotic, not related to the direction of cracks or the dimensions 
of the sample. 

         

Figure 4 Topology according to the atomic force microscope and micrograph of the surface of the treated 
polyurethane 

A B 

 

 
C D 

 

 
Figure 5 Surface analysis of treated polyurethane: amplitude of folds (A, B) and depth of cracks (C, D) 
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4. CONCLUSION 

The treatment by 20 keV energy nitrogen ions creates on the surface of a polyurethane implant a carbonized 
layer consisting of amorphous carbon with inclusions of graphite clusters. Carbonized layer of modified 
polyurethane contains highly active free radicals. Treated polyurethane surface is highly hydrophilic. 
Polyurethane after treatment has a wave-like surface relief with cracks. High activity free radicals and 
hydrophilicity of the modified polyurethane surface provides a saving of biological activity of the covalently 
attached proteins. It provides to attachment and growing of endothelial cells on the polyurethane surface. The 
modified polyurethane can be applied for soft tissue medical implants. 
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Abstract 

TI6Al4V is a standard medical titanium alloy. In this study, we compared ground Ti6Al4V discs with 
nanostructured Ti6Al4V discs prepared using the anodic oxidation method at 30V. Subsequently, both the 
nanostructured and ground discs were exposed to simulated body fluid (SBF) for 7 days in order to form a 
hydroxyapatite-like layer. Human mesenchymal stem cells (hMSC) were seeded on the discs in osteogenic 
differentiation medium and cultivated for 21 days. hMSCs were tested for metabolic activity (MTS assay) and 
rate of proliferation. The synthesis of type I collagen was evaluated using immunohistochemical staining and 
confocal microscopy analysis. All samples supported cell adhesion and proliferation. The highest amount 
of type I collagen was found on nanostructured (N) and ground Ti6Al4V exposed to SBF (TiH) surfaces. Thus, 
SBF and anodic oxidation positively influenced the growth and osteogenic differentiation of hMSCs. 

Keywords: Anodic oxidation, hydroxyapatite, mesenchymal stem cell, titanium alloy 

1. INTRODUCTION 

Proper bone implants should promote fast adhesion of cells, stimulate cell differentiation and support the 
formation of new bone tissue. Currently, titanium alloys are used as biocompatible materials capable of bone 
tissue integration [1,2]. Titanium and its alloys are widely used in orthopaedic and dental surgery. Despite the 
benefits of titanium alloys for such applications, there are still questions which need to be answered It is 
possible to modify the titanium surface in nanoscale using anodic oxidation in fluorides containing electrolytes 
[3,4]. This process leads to the formation of self-organised TiO2 nanotube layer on the titanium surface. Such 
a change in the nano-topography of the material can improve cell adhesion which is crucial for the implants 
osseointegration [5]. Incubation in the simulated body fluid (SBF) forms a hydroxyapatite-like layer on the 
exposed surfaces. The deposited layer of hydroxyapatite by immersing Ti6Al4V in the simulated body fluid 
(SBF) was investigated previously [6,7].  

This study was focused on the comparison of nanostructured and ground Ti6Al4V titanium alloys, modified by 
hydroxyapatite coating, on the cytotoxicity and differentiation capacity of seeded human mesenchymal stem 
cells (hMSCs). Nanostructures were fabricated using anodic oxidation. Hydroxyapatite surface modification 
of the titanium samples was realized by exposure to SBF.  
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2. MATERIALS AND METHODS 

2.1. Specimens preparation 

Nanostructuring was realized using Potentiostat-Galvanostat IMP 88 PC-200V with PGU-AUTO Extern control 
unit (Jaissle). A silver/silver chloride reference electrode with 3 mol/L KCl (SSCE) was used and, glassy carbon 
bars were used as counter electrodes. The electrochemical measurement consisted of a potential ramp from 
the open circuit potential to the selected end potential 30V with a 100 mV/s sweep rate and potentiostatic 
exposure for 2200 s. An ammonium sulphate (1 mol/L) and ammonium fluoride (0.2 wt.%) solution was used 
as the electrolyte. All anodization experiments were carried out at room temperature. Following the 
electrochemical measurement, the samples were ultrasonicated in ethanol and deionised water for 10 minutes 
and then dried in air stream. Ground and nanostructured titanium (Ti6Al4V) discs were exposed in simulated 
body fluid (SBF) at temperature of 37 °C for 7 days in order to create a hydroxyapatite layer on the surface. In 
this study, 4 sets of flat round Ti6Al4V samples, with 16 mm diameter and height 4 mm, with different surface 
treatments were used (Table 1). Before treatment all samples were ground to the roughness of sandpaper 
P2500, degreased with ethanol and cleaned with distilled water in an ultrasonic bath. For the morphological 
characterization of samples, a Vega3 LMU scanning electron microscope (SEM, Tescan) with an Oxford 
Instruments EDS analyzer was used. The results of the elemental analysis by Energy-dispersive X-ray 
spectroscopy were evaluated using the Aztec software. The length and inner diameter of the nanotubes was 
evaluated from SEM images in ImageJ software. Data from four distant image fields from at least three samples 
were used for analysis. 

Table 1 List of samples before and after exposition to simulated body fluid (SBF)   

Samples Name SBF 

Nanostructured Ti6Al4V N - 

Ground Ti6Al4V Ti - 

Ground Ti6Al4V exposed to SBF TiH + 

Nanostructured Ti6Al4V exposed to SBF  NH + 

2.2. Cell culturing 

hMSCs (ScienceCell, Carlsbad, CA), were cultivated in growth medium consisting of MEM Alpha medium (1X) 
(Gibco, Thermofisher Scientific, Waltham, MA, USA) supplemented with 10 % (v/v) fetal bovine serum (FBS), 
penicillin/streptomycin (100 IU/mL and 100 µg/mL, Sigma-Aldrich) in 5 % CO2 and 37 °C. The hMSCs were 
seeded on Ti6Al4V scaffolds and control glass coverslip and control Tissue culture plast (TCP) at a density 
of 12,000 cells/cm2. The samples were sterilized in collaboration with the Institute of Nuclear Physics of the 
Academy of Sciences of the Czech Republic using the Microtron MT25 cyclic particle accelerator with an 
electron beam of 9.8 MeV with a dose of 27 kGy. The cells were cultured in growth medium. After 3 days of cell 
culture, when the cells reached confluence, the cultivating medium was enriched by osteogenic differentiation 
additives: 40 µg/mL ascorbate-2-phosphate, 100 nM dexamethasone, and 10 mM glycerol-2-phosphate 
disodium salt. The osteogenic medium was changed twice a week. 

2.3. Cell metabolic activity measurement 

The metabolic activity of the hMSCs was determined using MTS assay (CellTiter96® AQueous One Solution 
Assay; Promega, Madison, WI, USA). To each scaffold, 800 μL of MTS solution in fresh medium was added. 
After 2 hours incubation, the absorbance of the metabolized solution (100 μL) was detected at 490 nm using 
Tecan Infinite® PRO 200 series reader (Tecan, Männedorf, SUI). The background absorbance (690 nm) was 
subtracted from the measured data, as well as the absorbance of media with MTS solution. 
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2.4. Cell proliferation 

To determine the cell proliferation a fluorescence-based kit (Quant- iT™ PicoGreen® dsDNA Assay Kit; 
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) was used. Media was aspirated from the samples 
after MTS assay and 1 mL of cell lysis buffer (10 mM L−1 Tris, 1 mM L−1 EDTA, 0.2 % v/v Triton X-100) was 
added, incubated 20 min in RT then frozen three times (-80°C) and thawed to facilitate the cell lysis and DNA 
release. Fluorescence intensity was detected using Tecan Infinite® PRO 200 series reader Tecan (λex = 485 
nm, λem = 528 nm) and the DNA content was determined according to the λDNA calibration curve from the 
kit.  

2.5. Immunohistochemical staining of type I collagen  

On day 14, the samples were fixed with 70 % frozen methanol, washed with phosphate buffered saline (PBS) 
and incubated in 3 % FBS in PBS/0.1 % Triton-X for 30 min at RT. Primary monoclonal antibody against type 
I collagen (M-38-C, DSHB, USA, dilution 1:20) was added, and incubated overnight at 2°C-8°C. After 3 washes 
with PBS/0.05 % Tween, and one in PBS, the samples were incubated with secondary antibody Alexa Fluor 
488-conjugated anti-mouse antibody for 45 min, RT (4408S, Cell Signalling Technologies, dilution 1:400). Cell 
nuclei were stained with 5 μg/mL propidium iodide in PBS for 5 min, RT (Sigma Aldrich, USA) and twice 
washed in PBS. The cells were visualized using a confocal microscope ZEISS LSM 5 DUO at λexc=488 nm 
and λem =505-550 nm for Alexa Fluor 488, and λex =560 nm, λem >575 nm for propidium iodide). The intensity 
of fluorescence was evaluated from 8 - 9 photomicrographs per sample group using MATLAB. 

2.6. Statistical analysis 

Quantitative data are presented as mean ± standard deviation. The results were evaluated statistically using 
one-way analysis of variance (ANOVA), normality of the data was tested, and Student-Newman-Keuls Method 
was used as a post-hoc test. Fluorescence intensity was evaluated using Multifactorial ANOVA. The level 
of significance was set at 0.05. 

3. RESULTS 

Prepared nanostructured Ti6Al4V discs were evaluated using SEM. According to obtained images, nanotubes 
of diameter of 70 nm (SD ± 16 nm) were fabricated on the surface of the discs (Figure 1). The elemental 
composition of the samples was measured using EDS (Table 2). The metabolic activity of seeded hMSC 
(Figure 2A) on four different titanium alloys was evaluated using MTS metabolic assay on days 1, 7, 14 and 
21. On day 1, the highest metabolic activity was measured in groups Ti and TiH. In the following days the 
metabolic activity rose steadily and no differences were seen between the different titanium discs (Figure 2). 
Further differences were seen only on days 7 and 21 between all tested groups and the TCP control group 
that is specifically modified to support cell growth. These finding are in agreement with a study that confirmed 
biocompatibility of the titanium alloys [8]. However, a study by Saha et al. showed improved metabolic activity 
of MG63 cells on nanostructured Ti6Al4V discs [9]. The rate of hMSCs proliferation was evaluated using a 
PicoGreen kit on days 1, 7, 14, and 21. Both Ti and TiH samples showed a significantly higher amount of DNA 
(Figure 2B) compared to both nanostructured samples on day 1. This suggests that nanostructured surface 
did not improve cell adhesion regardless of the presence of hydroxyapatite layer. 

Table 2 Samples composition 

Samples Ti [at. %] Al [at. %] V [at. %] Ca [at. %] P [at. %] 

N 88.6 6.9 4.5 / / 

Ti 89.1 6.6 4.3 / / 

TiH 87.7 6.1 3.8 1.5 0.9 

NH 78.1 4.2 1.9 9.7 6.1 
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Figure 1 SEM image of nanostructure and histogram of nanotube inner diameters created on Ti6Al4V 
samples by anodic oxidation at 30V 

On day 7, a significant difference in the amount of DNA was detected again on the samples Ti and TiH 
compared to sample N. No significant differences were detected on day 14. However, on day 21, a higher 
amount of DNA was found on Ti and TiH samples compared to N and TCP group. Thus, the results implied 
that nanostructures formed, by anodic oxidation, decreased the rate of cell proliferation in comparison to 
ground titanium alloys. However, the exposition of samples to SBF had no effect on the rate of cell proliferation. 
This is in contrast to several studies where it was proved that the nanostructured surface of the Ti6Al4V 
improved cell proliferation [9,10]. Similarly, Deligianni et al. reported that nanorough surfaces of Ti6Al4V 
showed increased adsorption of total proteins from FBS, and the amount of adsorbed fibronectin on surfaces 
with higher roughness compared to lower roughness. This finding correlated with number of cells adhered on 
the surface [1]. On titanium surfaces modified with nanotubes, the highest protein adsorption was found on 
samples containing nanotubes with the diameter of about 30 nm and the lowest with the diameter of 80 nm. 
Similarly, hMSCs proliferation correlated with the rate of protein adsorption. 

Type I collagen, an extracellular protein, is a marker of osteogenic differentiation. The measurement of type I 
collagen (Figure 3) on day 14 revealed the highest amount of this extracellular protein on the samples N and 
TiH. Therefore, we conclude that formed nanostructures on the surface of Ti6Al4V discs had the same effect 
on collagen type I production as the exposition of the ground titanium alloy to SBF. Moreover, on all the 
samples, there was a statistically higher intensity detected in comparison to the glass control. Those results 
are in agreement with the study of Filova et al. [5]. Similarly, surfaces with higher roughness of Ti6Al4V showed 
higher alkaline phosphatase activity of hMSCs compared to surfaces with lower roughness [1]. Higher 
nanotube diameter on titanium samples improved osteogenic markers compared to smaller diameter [11]. 

 

Figure 2 (A) Metabolic activity of the hMSCs measured by MTS assay (B), the proliferation of the hMSCs 
determined using the PicoGreen assay. Statistical difference with P < 0.05 marked as * and P< 0.001 as **. 
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In a human body, apatite layer is formed on the implant surfaces. Through this layer, bone is binding to the 
implant surface [7]. Thus, the properties of the formed layer may affect cell adhesion, growth and 
differentiation. Modification of titanium surfaces by hydroxyapatite layer (HAp) has been tested using different 
techniques, e.g. electrophoretic deposition, electrophoretic deposition, plasma spraying, phase-transited 
lysozyme coating etc. [12,13]. They provide HAp of slightly different composition, morphology, crystallinity, and 
different stability. HAp modified titanium surfaces showed higher osteoconductivity and osteoinductivity than 
non-modified surfaces [14]. In our study, we used sample incubation in SBF solution. The surfaces of TiH and 
NH were completely covered with HAp-like layer. TiH did not negatively affect hMSC proliferation compared 
to N samples. On the other hand, type I collagen significantly decreased in NH samples although it amount 
was higher than on Ti samples which was probably influenced by decreased roughness.  

 

Figure 3 Type I collagen intensity on diverse Ti6Al4V discs.  Statistical difference with P < 0.05 marked as *, 
¥ mean this group showed the lowest fluorescence intensity statistically. 

4. CONCLUSION 

Following the surface modification of Ti6Al4V discs (Ti) by anodic oxidation, the nanotubes with a diameter 
of 70 nm ± 16 nm were formed (N). Subsequently, the hydroxyapatite-like layer was deposited on both the 
nanostructured and ground titanium surfaces (NH, TiH) by the discs exposure in SBF. Our results clearly 
demonstrated that all four kinds of Ti6Al4V discs supported hMSCs metabolic activity and growth. Significant 
differences in the fluorescence intensity of collagen type I revealed that both modifications, nanostructuring 
of the surfaces and exposition to the SBF, positively influenced the osteogenic differentiation of seeded 
hMSCS. 
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Abstract 

Hierarchical plant surface structures show many characteristics that are an inspiration for humans. They are 
associated with the process of photosynthesis and provide a hydrophobic or a hydrophilic behaviour, an 
absorption of solar radiation, etc. Due to evaluation of synthetic analogical structures we are able to obtain 
important information about their potential applicability in a technical practice. The easiest way to prepare them 
is a two-stage replication process. This process involves the creation of the so-called first replica, that is the 
mould for the second replica - the “copy” of natural surface. Replicas can be made from various types 
of polymers. The aim of the paper is to compare the influence of different types of polymers on the character 
and quality of synthetic structures - replicas. A hierarchical structure of the pansy flower (Viola x wittrockiana) 
was selected as a replication pattern. The silicone elastomer President Light Body (Coltene Wahledent, 
Hamburg, Germany) was used for the first (negative) replicas preparation. Thermoset (EP), thermoplastic 
(HDPE), biodegradable polymers (PCL, PLA), as well as aqueous (PVA) and alcoholic polymer solutions (PVB) 
were used to create the second (positive) replicas. Replicas quality was evaluated by scanning electron 
microscopy (Carl Zeiss ULTRA Plus) and by contact angle measuring (See System E). Different hierarchical 
surface structures and different contact angles were identified according to types of polymers (amorphous, 
semi-crystalline, chemical composition) and used technology of replication. Easy, fast and a low cost 
replication process can be used for copying structures up to hundreds/tens of nanometers.  

Keywords: Nanostructures, biomimetics, hierarchical plant surfaces, replication, polymers 

1. INTRODUCTION  

The surfaces of natural objects show a number of interesting properties related to their structure and chemical 
composition. Hierarchical structures of plant/petal surfaces are very often built up by conically shaped 
epidermal cells at micrometre levels. Their surfaces are covered with nanostructured wax shapes in form 
of platelets, tubes or rods. The surfaces structured by the plant provide a protection against excessive wetting 
and excessive sunlight. They can act as sensors or light-catching systems, too [1,2]. Preparation of synthetic 
structures and their further testing is interesting from the technical practice point of view. At present, a number 
of experiments are being carried out to use of natural models. For example, these experiments are: increasing 
photovoltaic panels performance (pansy and rose petal surface), testing of self-cleaning surfaces (the lotus 
leaf surface) and a study of antibacterial surfaces based on physical behaviour (cicada and dragonfly wings) 
[3,4]. Preparation of synthetic structures for the selected properties testing is complicated due to their structural 
and dimensional hierarchy - nanometre structures are located on larger ones. A selection of the proper material 
for replica production as well as a low cost technological process is important. Laser, etching and even 3D 
printing are not suitable processes for the preparation of copies of the natural surface because it is not possible 
to copy the natural pattern in all its details. The two-step process of replication is an effective, fast and 
inexpensive way to prepare synthetic hierarchical surface samples. A silicone elastomer is used for the 
preparation of the mould (so-called the negative/the first replica), whereas an epoxy resin or a silicone 
elastomer is the most commonly used polymers for the preparation of synthetic samples (so-called the 
positive/the second replica) [2,3,5]. An evaluation of the influence of different polymers characteristics and 
quality of synthetic replicas is the aim of this article. 
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2. EXPERIMENTAL PART  

A two-step replication process was used for the preparation of the petal surface polymer replicas. This process 
is called a soft lithography. Replica analysis was based on the evaluation of scanning electron microscopy 
micrographs and evaluation of contact angles of synthetic structures from different polymers 

2.1. Materials 

A pansy (Viola x wittrockiana) petal epidermal structure was selected for an evaluation of the replication 
process, the influence of polymer type on quality and properties of prepared replicas. The pansy petal surface 
is a typical hierarchical structure of epidermal cells at micrometre and sub-micrometre levels. The elastomeric 
material President Light Body (Coltene Wahledent, Hamburg) was selected for the preparation of moulds. 
Materials for the polymeric sample preparation were: epoxy resin EnviPOXY, (Spolchemie, a. s.), high 
density polyethylene HDPE (Goodfellow GmbH), polylactic acid PLA (Goodfellow GmbH), polycaprolactone 
PCL (Merck KGaA), polyvinyl alcohol PVA (Merck KGaA) and polyvinyl butyral PVB (Merck KGaA). The 
selection includes thermosetting polymer, thermoplastics, biodegradable polymers, water and alcohol soluble 
polymers, amorphous and semi-crystalline polymers. 

2.2. Technology of replication  

Fresh and clean pansy petals were used for a surface structure replication. A sample was glued to a flat 
surface, was covered with a silicone elastomer and was loaded with a force up to 5 N. The crosslinking time 
of the silicone elastomer was 3 minutes at normal laboratory temperature. Thereafter the elastomer layer was 
removed from the plant surface, thereby creating the mould. This first replica was consequently and repeatedly 
used for the preparation of positive/the second replica from different type of polymers. A clean, dry mould was 
used for the casting of epoxy resin, PVA and PVB. The crosslinking process of epoxy resin samples runs at 
normal laboratory temperature during 24 hours, in a special vessel at a pressure of 0.7 MPa. Used epoxy resin 
filled the microscopic and sub-microscopic structure details of the mould well and minimized non-homogeneity 
of replicas due to an overpressure process. Evaporation of the solvent (water or alcohol) from PVA, 
respectively PVB solution took place in the air at normal laboratory temperature without overpressure. Samples 
of HDPE, PCL, and PLA were prepared by melting the polymer granules and subsequently compressing 
molten mass in the mould. In order to ensure a desired homogeneity of polymer replicas, namely a good filling 
of microscopic and sub-microscopic details of a mould, a force of 3 to 6 N was  
used. Thermoplastic replicas solidified during a few minutes. 

The following materials and conditions were used to produce replicas: EnviPOXY, curing agent Telatit 0492, 
modified cycloaliphatic amine (100 : 27 wt%), a curing time of 24 hours, a curing temperature of 22 °C, an 
overpressure of 0.5 to 0.8 MPa. 10 wt% aqueous solution of PVA, an evaporation of the solvent in the air for 
12 hours, 10 wt% an alcoholic solution of PVB, an evaporation of the solvent in the air for 12 hours. HDPE 
granules, a melting temperature 190 °C, a melting time 5 minutes, a loading 3 to 6 N. PLA granules, a melting 
temperature 180 °C, a melting time 5 minutes, a loading 3 to 6 N. PCL granules, a melting temperature at  
70 °C, a melting time 5 minutes, a loading 3 to 6 N. 

2.3. Analytical methods 

The surface structure of pansy petal as well as all type polymer replicas were investigated by scanning electron 
microscopy (FE SEM Zeiss ULTRA Plus). All samples were sputter coated with a 4 nm Pt-Pd layer (Quorum 
Q150R ES) prior to SEM investigation. Additional information was determined by static contact angle 
measurements (See System E). For this purpose 5 µl droplets of distilled water were applied on the replicas 
surfaces.  
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3. RESULTS AND DISCUSSION 

The pansy flower conical cells show a diameter approximately 30 to 40 µm at the base, wrinkles on the top 
of epidermal cells and folding typical for all cultivar of pansy (Figure 1). The thin layer was retrieved from the 
surface of a flower petal. Due to the minimal volume of water in this layer only a slight deformation of the actual 
conical structure has occurred. Well visible folds show thickness from 200 to 300 nm. The epidermal cells 
height is about 40 µm. 

     

Figure 1 The natural petal surface - epidermal conical cells of pansy (Viola x wittrockiana) 

The silicone elastomer mould (Figure 2) is a good copy of the epidermal cell surface sample both at the 
micrometer and the sub-micrometer size. Foldings in the mould do not appear to be sufficiently deep in the 
images compar ed to the plant specimen. 

    

Figure 2 Silicone elastomer mould surface - negative replica 

The epoxy resin (Figure 3) copies the pansy surface sample very well. Both epidermal cells of dimensions 
from 30 to 40 µm, as well as 200 to 300 nm folds are well visible.  

  

Figure 3 Synthetic replica of the plant surface - epoxy resin (EnviPOXY) 

The polyvinyl alcohol (Figure 4) copies the shape, the diametre and the folds of the pansy surface sample. 
Both epidermal cells of dimensions from 30 to 40 µm, wrinkles on the top of epidermal cells, as well as 200 to 
300 nm folds are well visible. The surface of the folds is not smooth. 
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Figure 4 Synthetic replica of the plant surface - polyvinyl alcohol (PVA) 

The polyvinyl butyral (Figure 5) copies the shape, the diametre and the folds of the pansy surface sample. 
The epidermal cells and the wrinkles on the top of epidermal cells are well visible. The folds are shallow 
compared to others polymer replicas. The surface of the folds is not smooth, visible particles were not studied 
in more detail.  

    

Figure 5 Synthetic replica of the plant surface - polyvinyl butyral (PVB) 

The polylactic acid (Figure 6) copies the shape and the diametre of pansy surface sample similar as in 
previous examples. The folds are shallow, the surface of the folds is not smooth but it contains pores and 
visible particles. These inhomogeneities were not studied in more detail. The polylactic acid is a polymer with 
a low level of crystallization. 

   

Figure 6 Synthetic replica of the plant surface - polylactic acid (PLA) 

The polycaprolactone (Figure 7) copies the shape, the diametre, the wrinkles on the top of epidermal cells 
and the folds of the pansy surface sample. The folds are shallow, inhomogeneous with a slightly fibrous 
structure compared to other polymer replicas. The depth and dimensions of the folds do not reach the quality 
of the plant sample. The fibrous surface of the folds was not studied in more detail. The polycaprolactone is a 
semicrystalline polymer.  
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Figure 7 Synthetic replica of the plant surface - polycaprolactone (PCL) 

The high density polyethylene (Figure 8) copies the shape, the diametre and the folds of the pansy surface 
sample. Both epidermal cells of dimensions from 30 to 40 µm, wrinkles on the top of epidermal cells, as well 
as 200-300 nm folds are well visible. The surface of the folds is not smooth but a new fibrous structure was 
created. The visible fibers are 10 to 20 nm in size and are transversally arranged to the folds. The high density 
polyethylene is a semicrystalline polymer. 

   

Figure 8 Synthetic replica of the plant surface - polyethylene (HDPE) 

From the point of view of the replication process, all replicas prepared from the above mentioned polymers 
show good compliance with the pansy pattern on the epidermal cells level. The nanostructure built up from the 
tens of nanometres densely folded fibres was identified in the case of the high density polyethylene. This 
substructure does not appear on the plant surface or on replicas from the other used polymers. The described 
substructure was not found on the HDPE control samples which were made by a conventional injection 
moulding into a standard steel mould. This nanostructure was created due to the influence of the used polymer 
and the technology of replication. 

Table 1 Contact angle of the plant pattern, the flat polymer surfaces and the structured polymer replicas 

Polymer 
Contact angle  
of flat surface 

(o) 

Contact angle  
of replica surface 

(o) 

Increase 
of contact angle 

(%) 

Plant pattern - 139.8 - 

Epoxy resin 59.4 108.6 54.7 

PVA∗ - - - 

PVB 72.6 119.9 60.6 

PCL 77.8 113.2 68.7 

PLA 74.9 110.3 67.9 

HDPE 77.3 138.3 78.9 
∗ an impossible to measure due to a dissolution of PVA sample in water 
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The contact angles were measured on the different polymer replicas. The difference in contact angle values 
depends on the type of the polymer used and the character of the surface. The flat surface of all the used 
polymers shows the hydrophilic behaviour because the contact angle is lower than 90o. Due to the structuring 
of the polymer sample surface, the contact angle increases and the polymer replicas surfaces show the 
hydrophobic behaviour (the contact angle is higher than 90o). The epoxy resin replica shows the lowest contact 
angle 108.6. On the contrary the HDPE as a semi-crystalline polymer shows the highest value of the contact 
angle 138.3 (Table 1). The difference in the contact angle values can be explained due to the dissimilar 
chemical composition of the used materials and the distinct surface structure of the replicas that is particularly 
due to the fibrous nanostructure that was analysed on the HDPE replicas samples. To confirm the pronounced 
opinion, further experiments will be required to verify the effect of the chemical composition and the influence 
of the nanofibrous structure. 

4. CONCLUSION 

The two step method of replication is a very efficient, fast and inexpensive method for the preparation of the 
polymer samples of the natural surfaces and their further testing. Due to this method it is possible to capture 
the actual state of the natural surface. The replicas could be created from amorphous and semi-crystalline 
polymers. The type of the selected polymer has the underlying effect on the resulting structure and contact 
angle values. The quality of the replication process is at a high level. The new nanostructure was identified in 
the case of the high density polyethylene. This nanostructure was created due to the influence of the used 
polymer and the technology of replication. 
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Abstract  

Silver nanoparticles (NPs) exhibit significant antimicrobial activity against a broad range of bacteria and fungi 
at concentrations ranging from a few ppm to tens of ppm that are not cytotoxic to human cells. Silver NPs also 
strongly enhance antibacterial activity against multiresistant, β-lactamase and carbapenemase-producing 
Enterobacteriaceae when combined with antibiotics. As a result, silver NPs have already been applied in 
various biomedical and antimicrobial technologies and products of every-day life as an alternative to 
conventional antibiotics. While antibiotic resistance has been discussed extensively in the literature, the 
possible development of resistance to silver NPs after repeated long-term exposure has not been fully 
explored. We report that bacteria can develop resistance to silver NPs after prolonged exposure. The observed 
resistance consists in aggregation of silver NPs which consequently eliminates their antibacterial effects. The 
resistance mechanism can be overcome by preventing the aggregation of silver NPs via their deposition on 
suitable inorganic substrate such as graphene oxide.  

Keywords: Silver nanoparticle, graphene oxide, bacteria, antibacterial, antibiotic, resistance 

1. INTRODUCTION 

Bacterial resistance to antibiotics currently represents a very serious and complex problem transcending the 
borders of healthcare. The mounting resistance of pathogenic bacteria increasingly limits antibiotic 
effectiveness, significantly increasing the likelihood of failure of antibiotic therapy and the related morbidity and 
mortality of patients [1]. The development of entirely new antimicrobial drugs and their introduction into clinical 
practice is a lengthy and costly process. An option to overcome bacterial resistance is restoring antibacterial 
effect of antibiotics by their combination with other antibacterial substances. A promising way to overcome 
bacterial resistance is a combination of conventional antibiotics with nanomaterilas showing antibacterial effect 
such as silver based nanoparticles and nanocomposites. Silver-based nanostructured materials are 
considered to be promising nanomaterials in biomedical applications or biotechnology for their high 
antimicrobial activity [2]. Silver nanoparticles (NPs) exhibit high bactericidal activity at concentrations showing 
no cytotoxicity to mammalian cells and also strongly enhance the antibacterial activity of conventional 
antibiotics even against multiresistant bacteria through their synergistic effect [3-8]. Unlike the specific 
antibiotic’s mode of action, the effects of silver NPs are not specific to a single cellular level, but influence 
many bacterial structures and metabolic processes concurrently [4,9-11]. The question whether silver NPs 
could be used in medicine to enhance the effectiveness of antibiotics or fully replace them in the treatment 
of local and systemic infections in the future is rather premature. However, it is no doubt too early now to deal 
with potential development of bacterial resistance to silver NPs. Silver in various forms has been used as an 
effective antibacterial agent for many centuries and its antibacterial effect is still maintained. Bacterial 
resistance to silver is mainly associated with the ionic form of silver [12,13]. Only few studies demonstrating 
possible resistance or decreased susceptibility to silver NPs have appeared recently, nevertheless resistance 
to silver NPs was driven by mechanisms eliminating ionic form of silver [14,15]. On the other hand, unlike the 
intensive, long-term and repeated administration of classical antibiotics or ionic forms of silver (silver 
sulfadiazine), silver NPs have not been commonly used in medical practice. It remains unclear whether 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

313 

bacteria may develop resistance to silver NPs, as is the case with long term and repeated exposure to 
antibiotics. Here we show that bacteria originally susceptible to silver NPs are able to develop a mechanism 
by which they can resist the antibacterial effect of silver NPs after long-term and repeated exposure. 

2. MATERIALS AND METHODS 

2.1. Chemicals and biological material 

Silver nitrate (p.a., Fagron), ammonia (28-30 % [w/w], p.a., Sigma-Aldrich), sodium hydroxide (p.a., Lach-Ner), 
D-maltose (p.a., Sigma-Aldrich), and graphene oxide (powder, Sigma-Aldrich) were used for silver NPs 
synthesis and silver decorated graphene oxide nanocomposite, respectively. The bacterial strains used in this 
work were E. coli CCM 3954 obtained from the Czech Collection of Microorganisms (Masaryk University, Brno) 
and S. epidermidis 008 obtained from the culture collection of the Department of Microbiology, Faculty 
of Medicine and Dentistry, Palacký University Olomouc.  

2.2. Synthesis and characterization of silver NPs and silver decorated graphene oxide (Ag@GO) 

The modified Tollens process involving reduction of the complex cation [Ag(NH3)2]+ by D-maltose was used to 
synthesize dispersions of silver NPs with a diameter of 28 nm and silver concentrations of 108 mg⋅L-1 or 432 
mg⋅L-1. The concentrations of all the reaction components were as follows: silver nitrate 1×10-3 mol⋅dm-3; 
ammonia 5×10-3 mol⋅dm-3; sodium hydroxide 9.6×10-3 mol⋅dm-3, and D-maltose (as a reducing agent) 1×10-2 
mol⋅dm-3. To prepare silver NP dispersions at a concentration of 432 mg L-1, the concentrations of all the 
reaction components were increased fourfold except that of sodium hydroxide. The same procedure was 
applied for deposition of silver NPs on the surface of graphene oxide sheets. For this purpose, 10 mg 
of graphene oxide was dispersed in 10 ml of AgNO3, NH3 and NaOH solution followed by 30 min sonication. 
After that, maltose solution was added under vigorous stirring to reduce silver NPs on the surface of graphene 
oxide sheets. Silver NPs decorated graphene oxide was three times separated by centrifugation at 150 x g for 
15 minutes and wash by distilled water. Silver amount in Ag@GO nanocomposite was determined using atomic 
absorption spectrophotometer (AAS) (ContrAA 300, Analytik Jena, Germany) using method of flame 
atomization. Before analysis, vacuum dried Ag@GO nanocomposites were dispersed in 2 % HNO3 solution 
under 30 min of sonication to dissolve silver NPs followed by graphene oxide separation using syringe filter 
(Polyethersulfone membrane, 45 μm). The average size of the synthesized silver NPs were determined by the 
dynamic light scattering method using a Zetasizer Nano ZS instrument (Malvern, UK). Transmission electron 
microscopy measurements were conducted using a JEM 2010 instrument (Jeol, Japan).  

2.3. Culture of bacteria in the presence of silver NPs  

Bacteria were repeatedly exposed to subinhibitory concentrations of silver NPs by twenty repeated cultures in 
microplates. Dispersion of silver NPs was diluted in geometric progression with Mueller-Hinton Broth (Becton, 
Dickinson and Company) and inoculated with a bacterial strain at a concentration of 106 CFU/mL. Incubation 
was carried out at 37°C for 24 hours. After the incubation, the MICs of silver were read after each culture step 
as the lowest silver concentrations inhibiting the visible growth of microorganisms. Immediately after the 24-
hour cultivation, 10 µL of Mueller-Hinton broth containing the surviving bacteria were taken from wells with 
subinhibitory concentrations of silver (concentrations below MIC) and consequently sub-cultured on blood agar 
(TRIOS) at 37°C for 24 hours. Bacteria grown on blood agar were used for inoculum preparation at a density 
of 106 CFU/mL and for the next culture step.  

2.4. Proteins identification and detection bacterial biofilm formation  

Silver aggregates were separated from 500 ml (10 × 50 ml) of bacterial suspension containing 27 mg of silver 
by centrifugation at 100 × g for 2 minutes. The pelleted aliquots with silver concentration 4.5 mg⋅mL-1 were 
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each individually incubated with 1 mL of 2.5 % trifluoroacetic acid (TFA). Extracts obtained after overnight 
incubation at 37 °C with shaking at 800 rpm and the subsequent pelleting of the solid particles by a 
centrifugation at 20,000 g for 20 min, were vacuum-dried and the recovered proteins were dissolved in 50 μL 
of 50 mM NH4HCO3 (facilitated by a 5-min sonication). Then, 1.5 μL of 200 μM modified trypsin was added for 
in-solution protein digestion and the mixture was again incubated at 37 °C overnight. After vacuum drying, 
peptides from the digests were purified using ZipTip-C18 pipette tips (Merck-Millipore, Tullagreen-
Carrigtwohill, Ireland) according to the manufacturer’s instructions. Vacuum-dried peptide samples were 
dissolved in 10 μL of 0.1 % TFA and separated using a Dionex UltiMate3000 RSLCnano liquid chromatograph 
(Thermo Fisher Scientific, Germering, Germany), coupled to an amaZon speed ETD ion trap equipped with a 
CaptiveSpray ion source (Bruker, Bremen, Germany). The scan speed was 8,100 u s-1 for both mass 
spectrometry (MS) and tandem mass spectrometry (MS/MS); acquisition was performed by collision-induced 
fragmentation using helium as the collision gas. 

Christensen method was applied for semi-quantitative detection of bacterial biofilm formation. S. epidermidis 
008 biofilm was formed on sterilized 96-well microplates. A 10 μl of cell suspension was inoculated in 190 μl 
Mueller-Hinton Broth medium in each well to get 106 CFU/mL. Then microplate was incubated for 24 h at 37°C. 
After aspiration of planktonic cells biofilms were fixed with 99 % methanol. Plates were washed twice with 
phosphate buffer saline or sterile saline water and air-dried. Then, 200 μl of crystal violet solution (1 %) was 
added to all wells. After 10 min, the excess crystal violet was removed and plates were washed twice and air 
dried. Finally, the cell bound crystal violet was dissolved in 33 % acetic acid. Biofilm growth was monitored in 
terms of O.D.570 nm using micro plate reader (DYNEX MRX). 

3. RESULTS AND DISCUSSION 

The well-known and reliable modified Tollens process [5] was used for synthesis of silver NPs with a diameter 
of 28 nm with a very narrow size distribution. The silver NPs synthesized in this way exhibit good antibacterial 
activity as documented by their low minimum inhibitory concentrations (MICs) equal to 3.38 mg/L after the first 
culture step (Table 1). Nevertheless, it can be presumed that bacteria may resist the antibacterial effect 
of silver NPs after long-term exposure at subinhibitory silver concentrations thanks to their genetic material 
and ability to adapt to the effects of antimicrobials. This presumption has been confirmed by the gradually 
increasing MICs of silver NPs following repeated culture, as documented by Table 1 summarizing MICs 
of silver NPs after each second cultivation step against tested bacterial strains. Table 1 also includes MICs 
of silver NPs against reference (non-induced) strains after the 1st culture step in order to compare MICs 
of silver NPs against induced and non-induced bacteria. It can be clearly seen from the increasing MICs in 
consecutive culture steps that bacteria gradually developed resistance to silver NPs. In the case of E. coli 
CCM 3954 significantly higher MICs equal to 13.5 mg/L as compared to MIC of the reference strain equal to 
3.38 mg/L was determined already in the sixth culture step and from the eighth step onwards, the MICs 
increased to as much as 54 mg/L. S. epidermidis 008 became gradually more resistant from the 14th to the 
18th culture steps; in the 18th step, the MIC of silver NPs reached 54 mg/L. Dispersion of silver NPs with a 
silver concentration as high as 432 mg/L was used to determine the final MICs of silver NPs higher than 54 
mg/L against all induced resistant strains. The final MICs of silver NPs against resistant strains increased to 
108 mg/L after twenty culture steps (Table 1). Gradual development of bacterial resistance to silver NPs was 
also accompanied by precipitation of silver NPs at the bottom of microplate wells (Figure 1a). By contrast, in 
the presence of susceptible bacterial strains, the dispersion of silver NPs diluted in Mueller-Hinton broth 
retained the yellow color (Figure 1b). Because no precipitates were formed and the yellow color of the 
dispersion of silver NPs remained unchanged during culture with reference strains, aggregation stability 
of silver NPs as well as their antibacterial activity were unaffected. The good aggregation stability is also 
evidenced by transmission electron microscopy (TEM) images of silver NPs after culture with susceptible 
bacteria (Figure 2a). In the presence of resistant strains, however, the dispersion of silver NPs changed its 
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color from yellow to grey- black due to the formation of a precipitate at the bottom of the well. The precipitate 
consists of large aggregates of silver NPs with sizes on the order of hundreds of nanometers as seen from 
TEM measurements (Figure 2b). Such large aggregates do not show antibacterial activity as the originally 
small silver NPs. It is evident that bacteria developed the ability to induce aggregation instability of silver NPs 
during repeated culture in order to minimize or even totally eliminate their antibacterial effects. 

Table 1 Minimum inhibitory concentrations (MICs) of silver NPs after each second culture step against bacteria  
   compared with MICs of silver NPs against reference strains after the first culture step. 

bacteria 
MIC (mg/L) after appropriate culture step 

1st 2nd 4th 6th 8th 10th 12th 14th 16th 18th 20th 

E.coli CCM 3954 3.38 6.75 6.75 13.5 54 >54 >54 >54 >54 >54 108 

S. epidermidis 008 3.38 6.75 3.38 1.69 1.69 6.75 6.75 13.5 27 54 108 

 

 

Figure 1 Microplates after culture of resistant (a) and sensitive (b) E. coli CCM 3954 with silver NPs diluted 
in Mueller-Hinton broth from the second to eighth rows to concentrations ranging from 54 mg/L to 0.84 mg/L. 

The upper row contains dispersion of silver NPs only. 

 

Figure 2 TEM images of stable non-aggregated silver NPs (a) and aggregated (b) silver NPs after culturing 
for 24 hours with “Ag-sensitive” and “Ag-resistant” E. coli CCM 3954, respectively. 

It can be suggested that “Ag-resistant” bacteria induce aggregation of silver NPs by extracellular secretion 
of an agent that remains adsorbed on the aggregates’ surfaces. This agent is likely to be a high molecular 
weight substance such as a protein. Therefore, proteins extracted from silver NPs precipitated by Ag-resistant 
bacteria were subjected to proteomic mass spectrometry analysis to identify proteins that might be responsible 
for the observed NP aggregation. In the case of E. coli CCM 3954, the most abundant proteins in the extract 
prepared with 2.5 % TFA were flagellin followed by type-1 fimbrial protein. To investigate the proposed role 
of flagellin in triggering the aggregation process, we conducted a simple experiment with a commercially 
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available flagellin solution (1 mg/l), which was added to a dispersion of silver NPs in MH broth under conditions 
similar to those used in the culture experiments. The initially yellow dispersion of silver NPs immediately 
became grey upon adding flagellin, and a black silver precipitate was observed at the bottom of the Eppendorf 
tube after 24 hours at 37 °C. In the case of S. epidermidis 008, any proteins have not been analyzed on the 
surface of precipitated silver NPs. On the other hand, Ag-resistant S. epidermidis 008 produced bacterial 
biofilm much more than Ag-sensitive S. epidermidis 008 as it was confirmed by Christensen detection method. 
We therefore suppose that bacterial biofilm formation was responsible for aggregation of silver NPs and 
consequently for resistance of S. epidermidis 008 to silver NPs. 

The mechanism of bacterial resistance based on aggregation of silver NPs can be overcome by preventing 
the particle aggregation using a strong deposition of silver NPs on the surface of appropriate nanostructured 
substrate. For example, graphene oxide can be considered as a suitable substrate for deposition of silver NPs. 
In order to overcome particle aggregation and bacterial resistance to silver NPs we synthesized silver NPs 
decorated graphene oxide (Figure 3). Diameter of silver NPs reduced on the GO sheets ranged from 15 to 30 
nm, which is similar to diameter of silver NPs in the used water dispersion. Concentration of silver (determined 
using AAS) per 1 g of Ag@GO composite was 273 mg/g. Ag@GO nanocomposite showed a high antibacterial 
activity against both Ag-sensitive and Ag-resistant bacterial strains. Determined MIC of Ag@GO recalculated 
to silver content were as low as 2.5 mg/l for both Ag-sensitive E. coli CCM 3954 and S. epidermidis 008 and 5 
mg/l for both Ag-resistant E. coli CCM 3954 and S. epidermidis 008. MICs of silver NPs equal to 5 mg/l against 
Ag-resistant E. coli CCM 3954 and Ag-resistant S. epidermidis 008 represent a very low concentration 
compared to MIC of water dispersion of silver NPs against sensitive bacterial strains.  Bacterial resistance to 
uncoated silver NPs was overcome by preventing the particle aggregation through the deposition of silver NPs 
on the graphene oxide sheets. 

 

Figure 3 TEM images of Ag@GO nanocomposite at different magnifications 

4. CONCLUSION 

In summary, we have demonstrated that bacteria repeatedly exposed to subinhibitory silver concentrations 
are able to develop a resistance to silver NPs in relatively short time.  The mechanism based on a physical 
effect by which bacteria can resist the antibacterial effect of silver NPs involves disruption of the colloidal 
stability of silver NPs through the flagellin (E. coli CCM 3954) or biofilm production (S. epidermidis 008). 
Bacterial resistance to silver NPs can be overcome by deposition of silver NPs of graphene oxide sheets 
preventing particle aggregation. These findings will certainly help to better understand the mechanisms that 
drive bacterial resistance to antibacterial agents and will be useful in prevention of bacterial drug resistance 
and fight against infectious bacteria. 
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Abstract 

Surface functionalization of 2D MoS2 materials offers a convenient way to tune their properties and facilitate 
their application in the field of bio-sensing and nanomedicine. In this study, three different liquid phase 
exfoliation (LPE) methods were utilized for MoS2 exfoliation: LPE in 45 % ethanol solution, LPE in ultrapure 
water and amino acid intercalation assisted LPE. The three products were bio-conjugated with PEG molecules 
and through a biotin-avidin-biotin bridge they were functionalized with specific antibody M75 having exclusive 
affinity towards cancer cells expressing CAIX protein on their membrane. We are aiming to achieve high 
selectivity towards cancerous cells utilizing an antigen-antibody based cancer detection scheme. This study 
uses CAIX antigen tagged MDCK cells simulating the cancerous environment and pure MDCK cells as control. 
Cellular intake studies were performed by confocal Raman microscopy imaging and confocal laser scanning 
microscopy before and after binding the specific antibody. The preliminary results indicate higher density 
of internalized nanoplatforms in the case of MDCK cells expressing CAIX compared to the control cells. 
However, further studies are required to validate these results. 

Keywords: MoS2 based nanoplatform, bio-conjugation, antigen-antibody based detection 

1. INTRODUCTION 

The idea of producing a cancer detection platform based on 2D nanomaterials originates from the 
achievements of bio-nanotechnology over the last decade. Biocompatible graphene derivates [1] were used 
to produce nano-systems that can be utilized in biomedical applications. Several studies promoted systems 
for drug delivery mediated cancer treatment [2,3] or cancer treatment via photothermal therapy [4,5]. In 2013, 
Chou et al. [6] surveyed the photothermal performance of 2D TMD (transition metal dichalcogenide) materials 
and showed that MoS2 nanosheets were better than graphene. Subsequently, different approaches 
of photothermal therapy were demonstrated [7-10]. Several studies described PEGylated (poly(ethylene 
glycol) terminated) MoS2 nanosheets as nontoxic or with negligible toxicity. Teo et al. [11] showed that 
exfoliated MoS2 and other TMDs have lower cytotoxicity than graphene and its analogues and they considered 
it as a biocompatible material. Another study by Appel et al. [12] stated both mechanically exfoliated and CVD 
grown MoS2 as biocompatible, evaluating not only their cytotoxicity but also genotoxicity. Liu et al. [13] reported 
that lipoic acid (LA) conjugated PEG containing a disulfide group at the PEG terminal enables a strong binding 
to MoS2 and the PEG greatly enhances the physiological stability. Furthermore, Liu et al. [8] reported that the 
PEG not only stabilizes the MoS2 solution but also increases the cellular uptake of the PEG-MoS2 sheets 
loaded with specific drug when compared to the case where the sheets were not PEGylated. 
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Taking into account these findings, the nanoplatform model that we are considering consists of a MoS2 
nanosheet base, which is covalently functionalized with LA terminated PEG. This PEGylated nanoplatform 
needs to be able to bind the proper antibodies that can attach to cancer cells expressing specific antigens. 
Therefore, this nanoplatform design uses a PEG molecule with LA at one end and biotin on the other. Biotin is 
a water-soluble vitamin which can be bonded to avidin (avidin is a glycoprotein which has very high affinity to 
bind biotin). The avidin-biotin non-covalent bond is widely used in biological sciences due to its high specificity 
and strength [14,15]. Moreover, an avidin molecule can bind up to four biotin molecules which can be 
conjugated to several different molecules. This feature allows to introduce biotinylated molecules, antibodies, 
cytotoxins, fluorescent dyes, etc. to the system.  

 

Figure 1 Step by step scheme of the nanoplatform preparation process: exfoliation, PEGylation and 
attachment of the specific antibody 

In this study, we describe the functionalization process of the MoS2 nanoplatforms (Figure 1) and demonstrate 
the internalization process utilizing a Madin-Darby Canine Kidney (MDCK) mammalian cell line, which is 
frequently applied in various biochemical models as it provides an ideal representation for epithelial tissues. 
We discuss the successful internalization within the MDCK cells expressing carbonic anhydrase protein 
(CAIX), which is associated with tumor cell growth and survival [16]. 

2. EXPERIMENTAL 

2.1. Liquid phase exfoliation 

LPE in 45% solution 

The MoS2 exfoliation starts from 1 % powder dispersion in ethanol/water in 7:9 ratio (ethanol purchased from 
Merck, grade: ACS, ISO, Reag. Ph Eur). The pristine MoS2 powder was purchased from Alfa Aesar (99 % 
metals basis purity, approx. 3 μm of size). The selected ethanol/water ratio has the most favorable Hansen 
solubility parameters for an increased concentration of exfoliated product [17]. The MoS2 dispersion was 
sonicated in ultrasonic bath (Sonorex RK 510 H, 35 kHz, Bandelin) at the temperature of 10°C for 48 hours. 
Subsequently the solution was centrifuged for 1 h with RCF 41.000 g (Model 3-30K, Sigma centrifuge) at 20°C, 
then it was carefully decanted to separate the exfoliated part from the sediment and stored at room temperature 
(sample A). The concentration of sample A is 100 µg/ml. 

LPE in DI water 

As in the previous case, the MoS2 exfoliation starts from powder MoS2 (Alfa Aesar), 50 mg was dispersed in 
20 ml deionized (DI) ultrapure water. The MoS2 dispersion was sonicated in ultrasonic bath (Sonorex RK 510 
H, Bandelin) at the temperature of 10°C for 48 hours. Subsequently the solution was centrifuged for 30 min 
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with RCF 21.000 g (Model 3-30K, Sigma centrifuge) at 20°C. The supernatant was collected by micropipette 
and stored at room temperature (sample B). The concentration of the sample B nanoflakes are 40 µg/ml. 

Amino acid intercalation assisted LPE 

In this case we used an amino acid - arginine (Sigma Aldrich) - as an exfoliating agent [18]. 100 mg of arginine 
was dissolved in DI and sonicated for 30 min. 50 mg of pristine bulk MoS2 powder (Alfa Aesar) was added to 
arginine-DI water mixture and stirred at 560 rot/min for 24 h utilizing a laboratory shaker. Subsequently, 10 ml 
of DI water was added to the mixture and sonicated for 20h at 10°C (Sonorex RK510H, Bandelin). Then the 
mixture was centrifuged for 30 min at RCF 21.000 g (Model 3-30K, Sigma centrifuge). The precipitate is 
dissolved in 20 ml of DI water, sonicated again for 20 h and centrifuged in a similar manner as before. The 
solution is decanted to separate the exfoliated arginine functionalized part (sample C) from the sediment. The 
sample is then stored at 6°C in a refrigerator unit. The concentration of sample C is 20 µg/ml. 

2.2. MoS2 functionalization 

First, all three types of exfoliated MoS2 were functionalized by PEG. In the case of sample A, the nanoflakes 
were transferred into water after drying out 20 ml of the product in a desiccator. Subsequently, the dried-out 
nanoflakes were dissolved in 10 ml of DI water and sonicated for 30 min. From this step the PEGylation 
process was identical for sample A and B and took place in aqueous environment. We used PEG molecules 
terminated with LA at one end and with biotin at the other (LA-PEG-biotin, MW 2000, Nanocs). 10 mg of LA-
PEG-biotin dissolved in 5 ml of DI water was added to 10 ml of the nanoflakes. The mixtures were stirred for 
1 h on a laboratory shaker, then dialyzed for 72 h with a dialysis membrane of molecular weight cut-off 
(MWCO) 12-14 kDA (Standard RC Tubing Spectra/Por®2, SpectrumLabs). In the case of sample C, the 
PEGylation process required modified environment: 10 mg EDC (98+%, Acros Organics) and 10 mg of sulfo-
NHS (98 %, Sigma-Aldrich) were dissolved in 5 ml of DI water. Additionally, 5 mg of poly(ethylene glycol) 2-
aminoethyl ether biotin (NH2-PEG-biotin, MW 5300, Sigma-Aldrich) was dissolved in the same amount of DI 
water. 5 ml of sample C was placed into sonicating bath. First, the EDC/sulfo-NHS was pipetted into the 
sample, and then the PEG solution was added. Subsequently, the mixture was left in the sonication bath for 
2 h. Afterwards, it was dialyzed for 72 h with dialysis membrane of MWCO 25 kDA (Pre-wetted RC Tubing 
Spectra/Por®6, SpectrumLabs). 

Second, a biotinylated anti-human carbonic anhydrase IX (M75 [19]) was attached to the nanoplatform through 
a biotin-avidin bridge. 1 mg of avidin (GBiosciences) was diluted in 1 ml of DI water. 1 µl of the biotinylated 
antibody solution (160 kDA, 0,98 µg/µl) was mixed into 10 ml of PEGylated nanoplatform solution. The mixture 
was placed into a laboratory shaker (180 rot/min) and 1 µl of the avidin solution was dropped into this mixture. 
In the case of the samples that were prepared for confocal laser scanning microscopy (CLSM) measurements 
without M75 antibody, fluorescently labelled streptavidin (ATTO532 streptavidin, ATTO-TEC) was added in 
the same concentration instead avidin. 

2.3. Cell preparation 

MDCK epithelial cell line (ATCC No. CCL-34) was cultivated using VLE Dulbecco's MEM medium containing 
2 mM L-glutamine (Biochrom) with 10 % fetal bovine calf serum (FCS, Biochrom) and gentamicin 80 µg/ml 
(Lek). MDCK cells permanently transfected with full-length human carbonic anhydrase (CAIX) cDNA in the 
pSG5c plasmid (marked as MDCK-CAIX) were used in our experiments, mock‐transfected cells (marked as 
MDCK-neo) being a negative control [16]. 200 000 cells were incubated in humidified atmosphere at 37°C in 
the presence of 5 % CO2 attached to a glass coverslip (0.17 mm, Zeiss) in a 3.5 cm culture dish (Greiner Bio 
One). After 24 h, the solution of bio-conjugated MoS2 nanoplatforms was added to the cells (500 µl to 1 ml 
of medium) and incubated further for 24 h. Viability (BioTek, Synergy H4 microplate reader) was tested on the 
MDCK epithelial cell line with 3 different concentrations (250 µl, 500 µl and 750 µl to 1 ml of the medium) 
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of exfoliated nanoflakes after 24 h, 48 h and 72 h exposure. The results show no cytotoxicity, suggesting that 
the MoS2 nanoflakes are not affecting the cell cycle of the examined samples. 

In the case of samples that were prepared for CLSM measurements with M75 antibody, the MoS2 
nanoplatforms were first incubated with donkey anti-mouse IgG (H+L) secondary antibody conjugated with 
fluorescent tag Alexa Fluor 488 (Thermo Fisher Scientific) for 1 hour at 37°C and then they were added to the 
cells and incubated further. After the incubation phase the cells were fixed with methanol (5 min at ‐20°C), and 
then they were mounted on a glass slide with mounting medium Fluoroshield with DAPI (Sigma-Aldrich). 

2.4. Cellular intake study 

Confocal Raman Microscopy 

Confocal Raman microscope (CRM, Alpha300 R+, WITec) complemented with an immersion objective (W 
Plan-Apochromat 63×, NA=1, Zeiss, Germany) was utilized on living cells in PBS (pH=7.4, Oxoid). The 
samples were excited at the wavelength of 532 nm and laser power of 5 mW (Spectra-Physics Excelsior 532-
60 Multi Mode). The Raman spectra were acquired with a spectrometer (UHTS 300, WITec) equipped with a 
600 gr/mm grating (blazed at 500 nm) and coupled to an EMCCD camera (Newton DU970N-BV-353, Andor).  

Confocal Laser Scanning Microscopy 

The CLSM (LSM 510 Meta, Zeiss) measurements were carried out on fixed cells using an oil immersion 
objective (Ec Plan Neofluar 40×/1.30 Oil DIC M27, Zeiss). The CLSM scanning unit was mounted on a Axiovert 
200M inverted microscope (Zeiss). Images were scanned at the scan speed 6, 1024 x 1024 pixels, 12bit data 
depth with average mode 4x line. 

3. RESULTS AND DISCUSSION 

We examined the internalization of MoS2 nanoplatforms with and without M75 antibody in MDCK-neo and 
MDCK-CAIX cell lines. All three samples A, B and C were terminated with either M75 or fluorescently tagged 
streptavidin.  

 

Figure 2 Localization of MoS2 nanoplatforms (marked by white color) of sample A without M75 antibody on 
MDCK-neo cells (a) and with M75 antibody internalized inside MDCK-CAIX cells (b) using CRM 

By means of CRM imaging, we tracked the location of MoS2 nanoplatforms. The MoS2 Raman modes (E12g 
and A1g), the CH2 stretch mode (2854 cm-1) of lipids, fatty acids and proteins and the symmetric CH3 stretch 
mode of proteins (2930 cm-1) were used to determine whether the examined nanoplatform is localized inside 
the cell, on the cell membrane or outside the cell. For this purpose, we studied the z-stack composed of several 
cross sections through the inspected cell. Figure 2 represents a typical CRM image showing a cell cross 
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section with the MoS2 nanoflakes highlighted in white. The nanoflakes shown in Figure 2a were found to be 
stopped on the cell membrane while the nanoflakes in Figure 2b passed through the cell membrane and were 
internalized. Our CRM measurements suggest that if the nanoplatforms are internalized (with or without M75), 
they are found deeper inside the cell rather than close to the membrane. 

 

Figure 3 Selected CLSM z-stack images of PEGylated sample A scanned from the top (z=0 µm) of the cell 
to the glass slide (z=4 µm) with M75 in MDCK-CAIX cells. Cell nuclei and MoS2 nanoplatforms are marked 

with blue and green color, respectively. 

As mentioned in the introduction, other articles reported the successful internalization of PEGylated MoS2 
nanoflakes. The focus of our study is whether the specificity of the antigen-antibody bonding increases the 
number of internalized nanoflakes in cells expressing CAIX. Based on the CLSM z-stack images (Figure 3) 
we determined the ratio of the cells with internalized nanoplatforms to the cells without them. The 
internalization results are displayed in Table 1: for all three samples, we observed an increased number 
of internalized M75 bio-conjugated nanoplatforms when incubated with MDCK-CAIX compared to MDCK-neo. 
The results also show an increased probability of internalization in the latter for the ethanol and arginine 
assisted LPE produced samples without M75 (samples A, C).  

Table 1 Evaluation of the nanoplatform internalization into MDCK-CAIX and MDCK-neo in case of  
  nanoplatforms with and without M75 based on CLSM 

Nanoplatform CAIX With M75 Without M75 

Sample A  12 % 0 % 

 3 % 5 % 

Sample B  7 % 3 % 

 3 % 3 % 

Sample C  12 % 5 % 

 4 % 9 % 

4. CONCLUSION 

In conclusion, the application of MoS2 based nanoplatform for the next generation of highly selective anti-
cancer drug nanocarrier was demonstrated. The nanoplatform internalization was tracked and validated on 
cellular level by the label-free Raman imaging and CLSM. The increased selectivity of the antibody conjugated 
nanoplatforms was confirmed by the increased internalization in CAIX expressing cells. Further studies are 
required to improve the selectivity to cancer cells and validate the observed internalization in different cell lines. 
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Abstract 

Currently used xenogeneic biological heart valve prostheses are decellularized and crosslinked with 
glutaraldehyde. These grafts usually undergo degeneration and calcification. Pericardium-based heart valve 
prostheses, re-seeded with autologous cells, i.e. adipose tissue-derived cells (ASCs) and endothelial cells, 
could have longer durability and biocompatibility. In order to improve the adhesion of cells and their ingrowth 
into decellularized pericardium, various fibrin (Fb) layers were developed, i.e. Fb, Fb with covalently bound 
heparin (H), Fb with either vascular endothelial growth factor (VEGF) or fibroblast growth factor 2 (FGF) in 
various concentrations (1 ng/ml, 10 ng/ml, 100 ng/ml) or with both VEGF and FGF (100 ng/ml). Growth factors 
were attached onto Fb via heparin or were adsorbed. ASCs were seeded on theses layers in a DMEM medium 
supplemented with 2 % of fetal bovine serum, TGFβ1 and BMP-4 (both 2.5 ng/ml), and with ascorbic acid. Cell 
adhesion and growth/viability was assessed by counted cell number/MTS evaluation. ASCs were stained for 
differentiation markers of smooth muscle cells, such as alpha-actin, calponin, and myosin heavy chain. On day 
7, ASCs on Fb_H_VEGF layers produced both calponin and alpha-actin. An increased FGF concentration 
caused reduced calponin staining of ASCs. Lack of heparin in fibrin assemblies with growth factors inhibited 
the production of both alpha-actin and calponin in ASCs. The highest ASCs density/viability was found on 
Fb_H_VEGF_FGF layer. The proper formulation of fibrin coatings could be favorable for ASCs growth and 
differentiation and could subsequently support endothelialization of cardiovascular prostheses with endothelial 
cells.  

Keywords: Adipose tissue-derived stem cells, heart valves, fibrin assemblies, growth factors 

1. INTRODUCTION 

Currently used bovine pericardial prostheses or patches are glutaraldehyde-treated or decellularized. 
Glutaraldehyde (GA) treatment reduces host immune response, and improves the graft durability and 
mechanical stability. On the other hand, a long-term release of GA from the tissue results in the graft toxicity, 
macrophage activation, calcification, fibrotic deposition, chronic inflammation, and degeneration [1,2,3]. 
Decellularization improves pericardium biocompatibility by removing immunogenic and pro-calcific elements 
and, concurrently, it preserves extracellular matrix. Decellularized pericardial CardioCel patches (Admedus 
Regen Pty Ltd, Perth, Western Australia) [4], which were rapidly crosslinked with 0.6 % GA, allowed intima 
formation, neovascularization, and remodelling after their implantation in patients. Controlled recellullarization 
and endothelialization could improve biological properties of the grafts, reduce their degeneration, prolong their 
durability and could allow the graft growth in children. The choice of available cell type, optimizing cell culture 
conditions, composition of cell culture medium, and modifications of the scaffold structure are important factors 
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for rapid, homogeneous recellularization and directed cell differentiation. Valve interstitial cells, present in heart 
valves have a phenotype partially similar to fibroblasts and smooth muscle cells (SMCs). Adipose tissue-
derived stem cells (ASCs) are able to differentiate into SMCs, which make them a suitable candidate for 
recellullarization of pericardium scaffolds [5]. The way of growth factor (GF) attachment onto the graft surface, 
their concentration or sustained release, or even their combination, are important factors for recellularization. 
In the present study, various fibrin layers with adsorbed/attached FGF and/or VEGF have been developed; 
heparin was used for the long-term GF binding. We evaluated modified fibrin layers in term of ASCs adhesion, 
proliferation, and their differentiation towards SMC phenotype.                   

2. MATERIALS AND METHODS 

2.1. Material preparation 

Glass bottom wells in a cell culture plate (24- Well Glass Bottom Plate, Cellvis) were coated with a fibrin layer 
using technique described earlier [6]. The wells were incubated at 4°C with fibrinogen (5 µg/ml in Tris-HCl 
buffer, pH 7.4 (TB), (Sigma-Aldrich) overnight. Then, thrombin (2 U/ml in TB) (Sigma-Aldrich) was added for 
30 min at room temperature. Subsequently, the wells were incubated with a mixture of antithrombin III (0.5 
U/ml in TB) (Chromogenix) and fibrinogen (200 µg/ml in TB) for 2 hours. Heparin was activated by a procedure 
published earlier [7]. Heparin sodium salt from porcine intestinal mucosa (14 mg/ml in PBS) was oxidized by 
NaIO4 (2.4 mg/ml) (Sigma-Aldrich) in the dark for 90 minutes. The periodate was removed by ultrafiltration 
using Amicon Ultra Centrifugal filter unit with a molecular weight cut-off 3,000 Da. Activated heparin solution 
was diluted in the citrate buffer and immediately added to the wells and incubated overnight. In the last step, 
different concentration, i.e. 1 ng/ml, 10 ng/ml, and 100 ng/ml of human FGF (FGF-basic 154aa) and human 
VEGF 165 (GenScript) in PBS were added to the wells coated with only Fb or Fb with attached heparin) for 2 
hours. Finally, the wells were three times washed with PBS, UV irradiated for 15 min, and seeded with cells. 
Glass cover slips, pure Fb and Fb_H were used as control samples. 

2.2. Cell culture conditions 

Human adipose tissue-derived stem cells (ASCs) were isolated from human lipoaspirates in compliance with 
the tenets of the Declaration of Helsinki for experiments involving human tissues and under ethical approval 
issued by the Ethics Committee in the Bulovka Hospital in Prague (August 28, 2014) [8,9]. Flow cytometry 
analysis revealed that the ASCs were positive for cell surface antigens CD73, CD90, CD105, and CD29, they 
were negative for CD31, CD34, and CD45, and about 3 % of the cells were positive for CD146.  

The ASCs (passages 2-3) were seeded onto Fb layers at the density of 25,000 cells per well in DMEM 
supplemented with 2 % FBS, transforming growth factor β1 (ab50036, Abcam), and bone morphogenetic 
protein 4 (SRP6156-10UG, Sigma), both 2.5 ng/ml, 2-phospho - L - ascorbic acid trisodium salt (50 µg/ml 
49752, Sigma), and cultured for 7 days.  

2.3. Evaluation of cell adhesion, growth and differentiation, statistical evaluation 

On day 1, the phase contrast images were taken using Olympus IX 51 microscope, equipped with DP70 digital 
camera from 30 microscopic fields (from 3 individual samples), and cells numbers were counted from the 
micrographs. On day 7, cell viability/metabolic activity was assessed by MTS assay (The CellTiter 96® 
AQueous One Solution Cell Proliferation Assay, Promega). 100 µl of MTS reagent was added into 500 µl of cell 
culture medium and cells were incubated for 45 min. Fluorescence intensity of 150 µl of the samples was 
measured at 490 nm in triplicates from 3 individual samples. 

For evaluation cell number, ANOVA on ranks, Dunn's Method was used. Data were presented as median ± 
quartiles; p value ≤ 0.05 was considered significant. For MTS analysis, One way ANOVA, the Student-Newman 
Keuls method was used, data are expressed as mean + standard deviation.   
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Immunofluorescence staining of alpha-actin, calponin, and myosin heavy chain was performed. Briefly, the 
samples were incubated with solution containing 1 % bovine serum albumin (A9418, Sigma) and 0.1 % Triton 
X-100 (Sigma) for 20 min, washed with phosphate-buffered saline (PBS), and incubated with 1 % Tween 20 
for 20 min. After washing with PBS, the primary antibodies (dilution 1:200) were applied overnight at 4°C, i.e. 
mouse monoclonal α-smooth muscle actin antibody (99A2547, Sigma), rabbit monoclonal anti-calponin 
antibody (EP798Y, ab46794, Abcam), mouse monoclonal anti-MYH11 (G-4) antibody (sc-6956, Santa Cruz 
Biotechnology, Inc.). After washing samples twice with PBS, secondary antibodies were applied for 1 hour at 
RT, i.e. Alexa Fluor 488 F(ab`)2 fragment of goat anti-rabbit IgG (H+L) (A11070), Alexa Fluor 546 goat anti-
mouse IgG (H+L) (A11003), Alexa Fluor 488 F(ab`)2 fragment of goat anti-mouse IgG (H+L) (A11017) (dilution 
1:400, Thermo Fisher Scientific). Cell nuclei were counterstained with Hoechst 33258 (Sigma). Finally, the 
samples were washed twice with PBS and the images were taken under IX71 Olympus epifluorescence 
microscope, equipped with DP71 digital camera.      

3. RESULTS AND DISCUSSION 

The morphology of ASCs attached to Fb layers was polygonal with long and numerous protrusions - filopodia 
(Figure 1), which was probably caused by low stiffness of the fibrin layers. On hard glass surface, the cells 
seemed to be better spread with smaller filopodia. Similarly, in a study by Wong et al [10], performed on a 
micropatterned substrate composed of rigid micro-islets surrounded by a soft gel, fibroblasts attached to the 
stiff islets used filopodia to test rigidity of the surrounding gel. On the rigid islets, the filopodia were stable and 
allowed cell spreading. On the contrary, on soft surfaces, the filopodia were less stable and tended to retract. 
In another study, NIH 3T3 cells evolved higher traction forces, higher migration speed, and they had higher 
spreading area on stiffer surfaces; Young’s modulus was 300 and 140 kdyn/cm2 for stiff and soft surface, 
respectively [11]. 

 

Figure 1 Phase contrast images of ASCs on Fb (A), Fb_VEGF (B), Fb_FGF (C), Fb_H (D), 
Fb_H_VEGF (E), Fb_H_FGF (F), Fb_VEGF_FGF (G), Fb_H_VEGF-FGF (H), and on glass coverslips 

(I) on day 1 after seeding. Olympus IX 51 microscope, DP70 digital camera, objective ×10 
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Figure 2 Number of ASCs on Fb layers modified by the attachment of H, VEGF, and FGF on day 1, 
measured from 30-31 microscopic fields. Data expressed as median ± quartiles. Statistical 
significance compared to the samples of the same number is displayed above the columns. 

P value ≤ 0.05 is considered significant.   

High densities of ASCs were observed after one day on Fb modified with adsorbed VEGF and FGF (both 10 
ng/ml) without heparin and on Fb modified with a combination of both growth factors regardless heparin 
presence (Figure 2). Heparin generally decreased cell adhesion, except for Fb_H_VEGF_FGF layer. 

 

Figure 3 Viability/metabolic activity of ASCs on fibrin Fb layers modified by the attachment of H, 
VEGF, and FGF on day 7, measured from 3 samples. Data expressed as mean + standard deviation. 
Statistical significance compared to the samples of the same number is displayed above the columns.  

Cell viability/proliferation was assessed by MTS assay (Figure 3) on day 7. The highest values were found on 
Fb_VEGF_FGF, slightly lower on Fb with either heparin-bound FGF or heparin-bound VEGF at the 
concentration of 100 ng/ml and 10 ng/ml. On glass and on Fb with adsorbed growth factors, ASCs proliferation 
was significantly lower. On Fb_H, cell viability was higher than on glass. On another study, heparin immobilized 
on chitosan films decreased smooth muscle cells proliferation, while heparin immobilized on chitosan-collagen 
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films improved their proliferation increased [12]. We suppose that attachment of growth factors via heparin 
decreased their degradation and prolonged their activity compared to the Fb samples with just adsorbed GFs. 

ASCs differentiation towards smooth muscle cells (SMCs) can be evaluated by the presence of early SMC 
markers, i.e. SM alpha-actin, myocardin, and SM22‐α, medium-term markers, such as calponin and H-
caldesmon, and late markers, such as meta‐vinculin, smoothelin‐B, myosin heavy chain 11, and desmin 
[5,8,9]. We assessed the presence of SM alpha-actin, calponin (Figure 4) and myosin heavy chain 11. The 
cells were apparently positively stained for SM alpha actin on all H-containing samples, on Fb, Fb_VEGF_FGF, 
and on glass. The presence of adsorbed growth factors reduced the production of alpha-actin in ASCs. This 
might be caused by different kinetics of GF release and degradation. Similarly, staining of calponin showed its 
higher production in ASCs growing on Fb with covalently-bound heparin, and among them on 
Fb_H_VEGF_10ng. The Fb_H_FGF surfaces, especially those with the highest concentration of FGF, are less 
convenient for stimulation of ASCs differentiation towards SMCs. The staining for myosin heavy chain 11 was 
negative for cells on all samples. 

 

Figure 4 Differentiation markers of smooth muscle alpha actin (red) and calponin (green) in ASCs on various 
modified Fb layers as follows: Fb (A), Fb_H (A`), Fb_VEGF_1ng (B), Fb_H_VEGF_1ng (`B), Fb_VEGF_10ng 

(C), Fb_H_VEGF_10ng (C`), Fb_VEGF_100ng (D), Fb_H_VEGF_100ng (`D), Fb_VEGF_FGF (E), 
Fb_H_VEGF_FGF (E`), Fb_FGF_1ng (F), Fb_H_VEGF_FGF_1ng (F`), Fb_FGF_10ng (G), 

Fb_H_FGF_10ng (G`), Fb_FGF_100ng (H), Fb_H_FGF_100ng (H`), and glass (I),  obj. × 20, scale  
bar = 100 µm. Cell nuclei counterstained with Hoechst 33258 (blue). 
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4. CONCLUSIONS 

Various fibrin layers with either adsorbed or heparin-bound VEGF and/or FGF were prepared and their effect 
on ASCs adhesion, proliferation, and differentiation was assessed. We have observed that Fb samples with 
attached growth factors via heparin mostly decreased initial cell adhesion of ASCs. However, these samples 
supported cell viability/metabolic activity on day 7, and early differentiation towards smooth muscle cells. 
Heparin-bound VEGF or combination of both VEGF and FGF seems to be more effective than heparin-bound 
FGF for improving cell differentiation towards SMC phenotype.  
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Abstract 

This paper presents some findings from the rheological and drug dissolution characterizations of hyaluronic 
acid (HyA)-based colloidal drug delivery systems. During this investigations the widely applied, non-steroidal, 
anti-inflammatory ketoprofen (KP) has been used as model drug. For the moderation of the hydrophilic 
character of HyA and encapsulation of the hydrophobic drug the cross-linked derivatives at different cross-
linking ratio have been synthesized. To achieve the increasing encapsulation efficiency, the hydrophobized 
variants of HyA have also been prepared in aqueous medium by modifying the structure with positively charged 
cetyltrimethylammonium bromide (CTAB) at different polymer/surfactant mass ratios. It was established that 
the original coherent gel-like structure of the hydrophilic and well-solvated polymer chains change into an 
incoherent colloidal system due to modifications that were verified by rheological investigations. Taking into 
account the dissolution profiles of covalent and ionic systems it can be concluded that nearly 70 % of the 
encapsulated KP molecules dissolve from the totally cross-linked HyA systems after 8h, while the dissolved 
amount of KP is about 20 % from the surfactant modified colloidal system at near 1:1 molar ratio. It was also 
established that increasing the amount of surfactant the drug release turns to diffusion and erosion controlled 
way. It has been confirmed that the ionically modified HyA may be a potential candidate for controlled drug 
release of KP. 

Keywords: Hyaluronic acid, ketoprofen, encapsulation, controlled drug release 

1. INTRODUCTION 

Novel colloidal drug delivery systems have become one of the most fascinating research areas in modern 
pharmaceutical developments. Numerous biocompatible macromolecules such as polyesters, proteins, 
polysaccharides, polyelectrolites, lipids etc. are used as drug carriers in order to achieve a controlled drug 
delivery and drug release process.[1] The hyaluronic acid is a well-known linear polysaccharide of alternating 
units of β-1,4-D-glucuronic acid and β-1,3-N-acetyl-D-glucosamine. [2] Thanks to the biocompatible, 
biodegradable, non-toxic, non-immunogenic and non-inflammatory features this polymer is a perfect candidate 
for a number of medical and pharmaceutical applications. At physiological conditions the mentioned monomer 
units have a negative charge (hyaluronate form) which results in a water soluble nature. Because of this 
hydrophilic properties of HyA it is present in several organic fluids, the highest mass being found in the 
extracellular matrix of the soft connective tissues. The central drawback of this hydrophilic character is that 
HyA molecules, without chemical modification, cannot be applied as colloidal drug delivery systems. Numerous 
techniques have been developed for the construction of cross-linked HyA, but one of the frequently used 
method is the carbodiimde technique.[2] An alternative technique is the neutralization of HyA by the creation 
of electrostatic interactions using cationic surfactants like cetyltrimethylammonium bromide (CTAB), which 
also results in associated colloid structure having hydrophobic nature.[3,4] In this work the hydrophobic KP, 
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as model drug molecule, has been used to synthetize and characterize diverse types of HyA-based colloids 
for controlled drug release. Depending on the drug dissolution results the possible application of a biopolymer 
founded and nano sized drug delivery systems for encapsulation of a NSAID drug have been reported.     

2. MATERIALS AND METHODS 

2.1. Materials 

Hyaluronic acid sodium salt (HyA, 4000 kDa) was obtained from Gedeon Richter Plc. Ketoprofen (KP; 
C16H14O3; ≥98 %) and hexadecyltrimethylammonium bromide, sodium phosphate dibasic dodecahydrate and 
sodium phosphate monobasic monohydrate were obtained from Sigma-Aldrich. Sodium chloride from Molar 
Chemicals was used to prepare isotonic (150 mM) NaCl solution. For the cross-linking reaction 
2,2’(ethylenedioxy)bis(ethylamine) and 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimid methiodide (CDI) were 
purchased from Sigma-Aldrich. Highly purified water was obtained by deionization and filtration with a Millipore 
purification apparatus (18.2 MΩ·cm at 25 ºC). All solvents and reagents used were of analytical grade and no 
further purification were made. 

2.2. Experimental procedures of the covalent and ionic modifications 

Cross-linked (cl) HyA derivatives were prepared according to the previously published procedure. [2] The 
synthesis was performed at room temperature. 200 mg HyA was dissolved in water to produce 1 mg/mL 
solution and then adjusted the pH to pH = 5.5. The stochiometric ratio of cross-linking was 50 %, 75 % and 
100 % resulting in cl-HyA/50 %, cl-HyA/75 % and cl-HyA/100 % samples. Accordingly, 1.88 mL, 2.82 mL and 
3.76 mL 2,2’(ethylenedioxy)bis(ethylamine) solution (1 v/v%, pH = 5.5) was added to the HyA solution and 
mixed for 30 min. 80 mg, 120 mg and 160 mg CDI was dissolved in water and added to the mixture drop by 
drop, respectively. After an overnight stirring the product was purified by dialysis for 7 days against distilled 
water and the aqueous solution of the final product was freeze-dried. For CTAB modification different 
calculated amount of surfactant was added to the aqueous solution of HyA to change the phobicity. The 
mixture was stirred for 30 min before further use. 

2.3. Preparation of drug containing systems 

Because of the low solubility of KP in pure Milli-Q water (cmax = 0.051 mg/mL) all drug containing samples were 
prepared in phosphate buffer solution (PBS) at pH = 7.4 at 25 °C using constant ionic strength (0.9 % NaCl). 
In all cases constant KP (cKP = 20 mg/mL) and constant HyA concentrations (100.0-100.0 mg lyophilized cl-
HyA/ml) have been used. According to the preparation procedures the aqueous KP solutions were added to 
the different individual cross-linked HyA and HyA/CTAB samples which resulted in the formation of gel-like 
structure after 24 h.    

2.4. Structural characterizations 

The particle size and zeta potential of the prepared systems were determined by Dynamic Light Scattering 
(DLS) with a Zetasizer Nano ZS ZEN 4003 apparatus (Malvern Ins., UK) equipped with a He-Ne laser (λ = 633 
nm). The measurements were performed at 25 ± 0.1 °C with an angle detection of 173° in clear disposable 
zeta cell. In order to determine the maximum amount of CTAB to be added prior to precipitation 0.02 M 
of CTAB was added stepwise (20-20 µl/ step) to 0.2 mg/mL concentration of HyA in PBS and the electrokinetic 
potential values were registered by DLS and parallel with this measurement the turbidity data were also 
registered. Turbidity measurements were performed by a Precision Bench Turbidity Meter LP2000 (Hanna 
Ins.), while the conductivity was measured by a Radelkis OK- 114 conduktometer equipped with an electrode 
with sheet plates.  
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2.5. Rheological studies 

All rheological measurements were performed using an Anton Paar Physica MCR 301 Rheometer (Anton 
Paar, GmbH, Germany) at 25 °C. The measuring system equipped with a 25 mm diameter parallel cone-plate 
geometry (CP25-1-SN12204), a double-gap- (DG26.7-SN12740) and a concentric cylinder geometry (CC27-
SN12793). The rheometer utilized a temperature controlled water bath in combination with a Peltier heating 
system for accurate control. 

2.6. In vitro drug release experiments 

The spectrophotometric properties of KP was studied by using an UV-1800 (Shimadzu) double beam 
spectrophotometer, using 1 cm quartz cuvette in the range of 200-500 nm. The concentration of KP was 
determined at 260 nm. The in vitro drug release experiments were carried out in phosphate buffer (PBS, pH = 
7.4) at 25 °C. A cellulose membrane (Sigma-Aldrich) was used as a dialysis membrane. The release process 
was followed for 480 minutes (8 hours). Samples were taken every 10 minutes in the first hour and then once 
per hour. 

3. RESULTS AND DISCUSSION 

Both the cross-linked (cross-linking ratio of 50, 75 and 100 %) and hydrophobized derivatives (chemical 
modification of the HyA polymer chains and neutralization with positively-charged amines) have been 
successfully prepared by different methods. 

3.1. Structural characterization of the different HyA-based carriers  

We established that increasing cross-linking ratio in the formation of nanosized particles with increasing 
average particle diameter (ca. 45 nm (50 %), ca. 100 nm (110 %). However the particle size increases with 
the cross-linking ratio, the presence of more polydispersed system can be confirmed by DLS. Besides the 
syntheses of cross-linked variants of HyA the hydrophobization of the polymer has been performed by using 
positively-charged CTAB surfactant and aminodecane primer amine as well. Firstly, conductometric studies 
have been carried out in aqueous solution at 25 °C in order to determine the critical micelle concentration 
(cmc) of CTAB. According to the parallel measurements 0.94 ± 0.01 mM of cmc value is obtained, while in 
presence of 0.1 mg/ml of HyA the cmc of CTAB shifts to 1.16 ± 0.02 mM. Besides, the zeta potential of the 
negative charged polymer reaches the zero value at 0.5 mM surfactant concentration which is corresponds to 
1:1 surfactant/monomer molar ratio.[5] Both the turbidity measurements and the change of the average particle 
diameter of this system confirm the aggregation of the polymer chains at and above that surfactant 
concentration (0.5 mM in the case of 0.2 mg/ml HyA in PBS) wich necessary for the charge compensation 
of the carboxylate groups of HyA monomers. 

3.2. Rheological characterization of aquatic HyA solutions and hydrogels 

Based on the rheological characterization of aquatic hyaluronic acid solution we found that, the increase in 
concentration of the polymer solution resulted in dramatically change of the rheological behavior. Namely, the 
Hya solutions shows Newtonian, shear-thinning and viscoelastic behavior as the polymer concentration in 
aquatic solutions and hydrogels rises up from 0.05 to 100 mg mL-1. In the case of very dilute solutions the 
linear flow curves prove the validity of the Newton law, in this way these solutions were characterized by 
constant (shear rate-independent or Newtonian) viscosity. Viscosities of moderately concentrated solutions 
of high-molecular weight polymers are known to be variable quantities which decreases with increasing shear 
rate. This shear-thinning effect has been known for a long time and same behavior was observed above 1.00 
mg mL-1 HyA concertation (Figure 1A).  
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Figure 1 A: Measured and Carreau-Yasuda model fitted viscosity curves of HyA solutions (cHyA = 2, 10, 25 
and 50 mg mL-1), B: concentration dependence of the viscoelastic of HyA hydrogels 

Instead of the viscosity/shear rate profile (such as that shown in Figure 1A) is more suitable the determination 
of both loss and storage modulus (G’ and G”) as a function of amplitude, under 10 s-1 oscillation frequency via 
amplitude sweep measurements. Amplitude scans of the linear HyA gels shown that the G''/G' ratio does not 
change as strain increases from 0.1 to 10.0 %, it means that the internal friction is independent of strain in this 
region in this way the viscoelastic behavior can be described by constant G’ and G” values as presented in 
Figure 1B against the polymer concentration. 

3.3. Rheological characterization of ionically- and covalently modified HyA solutions and hydrogels 

To characterize the ionically modified form of polymer, a constant (0.1 mg/mL) initial HyA concentration was 
chosen for steady shear rate measurements of CTAB solution diluted HyA samples and a larger concentration 
(50 mg/mL) was applied in the case of amplitude sweep measurements. As it can be seen in Figure 2A. the 
steady shear rate tests determined apparent viscosity of polymer solution continuously decreased due to the 
added surfactant and a visible breakpoint can be observed. Above the 1:1 surfactant/monomer molar ratio the 
viscosity of the neutralized and thus hydrophpbized polymer containing solution shows a rising trend. After this 
observation it can be stated that in addition to conductivity and ITC measurement a modified rheological 
investigation also suitable for detection the structural change of the polymer - surfactant colloid system. 

 

Figure 2 A: Steady shear rate determined apparent viscosity of linear HyA solution (0.1 mg mL-1) titrated by 
CTAB (c = 25.0 mM) solution, B: Amplitude sweep determined rheological parameters of linear HyA 

hydrogels (cHyA = 50 mg mL-1) as a function of CTAB concentration 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

334 

As illustrated in the Figure 2B the varying degrees hydrophobozed polymer based hydrogels are show elastic 
character at low strain, while at high strain range the loss modulus dominates (G” > G’) as the above reported 
linear hyaluronic acid hydrogels. Same trend was observed in the case of the varying degrees cross-linked 
polymer hydrogels (Figuer 3A) where the storage modulus almost reaches zero value due to the structure 
modification of polymer chains. The latter outlined two observations confirm the assumption that both the 
added CTAB and cross-linking agent break the coherent structure which spontaneous formed from the 
solvated biopolymer. 

 
Figure 3 Changing of the amplitude sweep determined rheological parameters (storage and loss modulus) 
of linear and cross-linked hyaluronic acid hydrogels (cHyA = 50 mg mL-1) as a function of applied strain (A) 

and the degree of cross-linking (B) 

3.4. Evaluation of in vitro drug release experiments 

The evolution of KP dissolution from the HyA based carriers was investigated using first-order kinetic model.[6] 
Drug release curves of KP from varying degrees hydrophobized or crosslinked polymer based carrires are 
depicted in Figure 3. As it can be seen, all the formulations are able to sustain KP release for more than 6 h, 
but the release of the drug from the cross-linked polymer is almost complete within 7 h. By adding the linker 
from 50 % to 75 and 100 % into the polymer it was possible to achieve a more accurate control over drug 
release. However, it should be noted that nearly 80 % is released from the total drug content in the case 
of completely cross-linked polymer at the end of the seventh hour (Figure 4B). On the other hand, using the 
least amount of surfactant (Figure 8A) is causing that only 60 % of the active ingredient dissolved during the 
experiment.  

 

Figure 4 Photometric measured release profiles and first-order kinetic model predicted release curves of KP 
from varying degrees neutralized (A) or cross-linked (B) HyA-based drug carriers 
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Based on the observation of previous parts (change of the zeta potential, turbidity and particle size values as 
a function CTAB amount), it can also be established that the release of KP from the carrier faster and rather 
diffusion controlled when relatively small amount electrostatic adsorbed surfactant molecules are present in 
the system. As the polymer-ionic surfactant interactions lead to changes in polymer structure the dissolution 
of drug becomes slower and the release turns to diffusion and erosion controlled way. 

4. CONCLUSION 

During this study we have demonstrated the preparation and characterization of a biopolymer based colloidal 
drug delivery systems. Because of the hydrophilic character of the polymer, cross-linked derivatives have been 
synthesized to moderate the water soluble nature and produce polymer nanoparticles. The neutralized variants 
of polymer have also been produced by modifying with ionic surfactant to reach an incoherent „particle like” 
colloid system. Due to modifications the coherent structure of the polymer changes into an incoherent colloidal 
system that were verified by dynamic light scattering and rheological investigations. In the case of the cross-
linked carrier, we could not significantly reduce the rate of drug dissolution but in the surfactant modified 
system the release rate has increased near four times larger in proportion to the amount of surfactant. It has 
been verified that the modified hyaluronic acid may be a potential candidate for controlled drug release 
of hydrophobic molecules. 
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Abstract 

The significant cost of newly developed pharmacological products is due to the toxicity examination performed 
on animals in pre-clinical trials. Our ultimate goal is to develop a biosensor array to determine acute 
cardiotoxicity. It capitalizes on the fact that heart muscle cells (cardiomyocytes) show beating in vitro. Based 
on the beating characteristics their pathophysiological status can be deducted. In addition to microscopic 
imaging, the method of monitoring the action and field potential of synchronously beating cardiomyocyte 
syncytia on multielectrode arrays (MEA) appears to be a suitable method for the investigation of the condition 
of cardiac cells. For this purpose, MEA on the basis of organic electrochemical transistors (OECTs) has been 
developed. The organic polymer PEDOT:PSS was utilized to meet the strict surface biocompatibility demand 
for a surface in contact with media and living cardiac cells. The MEA consisted of a microplate of a 12x8 
chimney - well array with transistors on the bottom for cell cultivation. For the fabrication (a screen printing 
method) primarily a contact field and an organic polymer was used. The device was tested in a simulation 
mode for the response of the drain current to the voltage pulses applied to the gate electrode up to 100 µV. 
The response to such gate voltage renders the device sensitive enough to detect the electrical signal of beating 
cardiomyocytes. Further development is directed towards higher time resolution by means of miniaturization 
of the transistors’ channel. 

Keywords: OECT, screen printing, organic electrochemical transistor, PEDOT:PSS, microplate, multi- 
        electrode array, cell culture 

1. INTRODUCTION 

The high electrical conductivity of polyacetylene and other organic compounds with conjugated bonds, 
discovered by Hideki Shirakawa, Alan Heeger, and Alan MacDiarmid led to intense interest in the use 
of organics in electronics. This discovery was recognized with the Nobel Prize in Chemistry in 2000 [1]. 
Especially the following branches saw considerable effort put into related research: photovoltaics, 
photoluminescence, and bioelectronics as a brand-new field of science. In 1989 the first polymer-based light 
emitting diode (LED) was discovered using PPV as the emissive layer [2]. However, also the printable 
properties of organic semiconductors have led to the development of so-called printed electronics. 

The biocompatibility of organic semiconductors, predominantly polymers, has made them an appealing choice 
for application in biosensors and bioactuators in biology and medicine as an ideal biointerface [3]. In 1984 
White et al. [4] fabricated the first organic electrochemical transistor (OECT) based on polyaniline 
(PANI).Heywang and Jonas [5] (1992) reported the electrochemical polymerization of a new conducting 
polymer, poly(3,4-ethylenedioxythiphene) (PEDOT). Yamato et al. [6] (1995) showed the superiority 
of Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT :PSS) in terms of stability against pH and 
applied potential in comparison with PANI. This polymer became widespread in bioelectronics as active 
transistor channels and other fields as a conductive thin-film semi-transparent wiring. 
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Aqueous solution of PEDOT:PSS with various additives such as methanol, ethylene glycol, sorbitol serve as 
solvents for thin film deposition by spin coating and inks for inkjet printing and screen printing. The additives 
enhance the resulting conductivity by expanding the coil conformation of the macromolecule backbone into a 
linear conformation and reorganization of the molecule from benzoid form to the quinoid form [7]. The 
temporary conductivity of PEDOT:PSS reaches 300 S/cm [8]. 

Bernards and Malliaras (2007) [9] created a model of OECT electronic function. The electrodes are analogues 
to inorganic FET, i.e. a gate, source and drain, but it works in aqueous solutions of salts, frequently PBS 
(Phosphate buffered saline) physiological solution for cultivation of biological materials. The charge transport 
is mediated by holes moving along the PEDOT backbone. The charge is compensated by dangling bonds in 
some missing hydrogens on SO3H groups on parallel PSS - see Figure 1. Instead of field-caused accumulation 
or depletion of charge carriers in the channel, in this case the high mobile holes are substituted by low mobile 
cations and reversely. Thus, the channel conductance is not modulated by the charge concentration but by 
the mobility, or we might say by the doping - dedoping process. 

 

Figure 1 Chemical structure of PEDOT:PSS. The “dot’’ and “plus’’ represent the unpaired electron and 
positive charge on the PEDOT chain, respectively 

Piro et al. (2018) [10] presented in their review a broader insight into the biological application of OECTs. Yao 
et al. (2014) [11] presented the first study of using OECT arrays for monitoring action potentials from 
cardiomyocyte-like (i.e. cardiac muscle cell-like) HL-1 cells on both rigid and flexible substrates with improved 
signal qualities compared to those recorded from grapheme-based electrolyte-gated FETs. Hempel et al. 
(2016) [12] developed OECT devices in a wafer-scale process and used them as electrophysiological 
biosensors measuring the electrophysiological activity of the cardiac cell line HL-1. The topography of OECT 
was further optimized by Rivnay et al. [13] (2015) with respect to enhancing its amplification 
(transconductance) and frequency range. Proctor et al. (2016) [14] improved the theoretical model of OECTs 
by introducing a new quantity, namely volumetric capacitance. Tymbrant et al. (2017) [15] completed the 
theoretical model for OECT and included the ionic double layer at the electrolyte interface and the effects 
of contact barriers. The biological part of the research is based on research into biocompatibility and cell 
proliferation [16,17]. The device development is based on our previous experimental work [18]. 

2. EXPERIMENT 

The goal of this study is to investigate the possibility of applying OECTs based on PEDOT:PSS and fabricating 
a planar printed 12x8 microplate array of transistors. The device (see Figure 1a) was constructed on a 96-well 
polystyrene microplate (chimney-well, no bottom) from Greiner Bio-One GmbH for automated analysis of a 
multitude of substances. We provided the bottom with the all-printed 12x8 array of Organic Electrochemical 
Transistors (OECT) based on Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) polymer 
(see Figure 1c).  
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In the first stage, the screen-printing method was used. Printed organic electronic technology has brought the 
possibility of printing biosensor patterns on the biocompatible polymer foils PET (Poly(Ethylene 
Terephthalate)) or PEN (Poly(Ethylene 2,6-Naphthalate) (Goodfellow Cambridge Ltd), the latter enabling 
processing at a temperature of up to 170 °C. The bottom substrate was a 0.25 mm thick PEN foil due to better 
thermal stability during the subsequent annealing processing of the prints. The first printed pattern (with a 
screen mesh count of 77 threads/cm) of silver paste CB115v2 (©DuPont) Photopolymer and Electronic 
Materials) creates the contact and conductive field and paths that are 0.18 mm in width (see Figure 1d). The 
foil with the silver pattern was then annealed at 120 °C for fixation.  

 

Figure 2 Encapsulated OECT 96 well microplate for electrogenic cell cultivation and investigation (a) with 
power source-signal amplifier and current/voltage converter (b), foil with functional printed patterns of all 

OECTs 12x8 array (c) and detail of a couple of OECTs with PEDOT:PSS printed channel and gate 
electrode (d). 

The second pattern of PEDOT:PSS paste Clevios™ S V3 (screen mesh count 140 threads/cm) created a 
functional OECT gate and channel. The paste was first stirred intensively before printing in order to obtain a 
lower viscosity and better homogeneity for the resulting film. The silver conductive paste and the polymer 
patterns were annealed using a hot plate at 150 °C for 15 and 30 minutes respectively in the air to stabilize 
the film and improve adhesion. 

The stirring slightly decreased the final thickness, improved the thickness homogeneity in roughness and 
waviness measured and the sheet resistance decreased significantly from about 800 Ω/□ to 400 Ω/□. It is 
considered that intensive stirring acts similarly to alcohol treatment. The system is masked and sealed by the 
third pattern of Sylgard® 184 (Dow Corning) silicone elastomer (mesh count 120 threads/cm), which insulates 
the silver conducting paths from the electrolyte environment and also prevents the tested biomaterial from 
coming into contact with the non-biocompatible parts and layers of the printed device. Other parts and 
materials were tested for biocompatibility [18]. A coating to increase biocompatibility was done with murine 
collagen type IV (BD Biosciences, cat. No. 354233) at 10 µg∙cm-2 according to manufacturer instructions. 

Patterning and completing of the microplate followed. The OECT’s channel visible in Figure 2d, created by a 
screen-printed rectangular PEDOT:PSS layer on PEN foil, is surrounded by a planar circular gate electrode 
6 mm in outer diameter. The rotary symmetry is expected to improve the field distribution. The electrodes are 
contacted by printed silver conductors 0.2 mm wide. The printed transparent silicone layer covers the surface 
of the sensing array with the exception of the functional PEDOT:PSS interfacing to the biomaterial and 
physiological solution. The exposed channel area is of a length of L = 1 mm and a width of W = 1.5 mm, the 
thickness of the PEDOT:PSS layer was 250 nm on average, and the typical resistance of the channel was 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

339 

500-700 Ω. The foil was firmly fixed to the polystyrene microplate and bolted down from the bottom by means 
of a Plexiglas® plate in order to enable easier handling and transparency needed for microscope observations. 
The second pattern of PEDOT:PSS paste Clevios™ S V3 (screen mesh count 140 threads/cm) created a 
functional OECT gate and channel. The paste was first stirred. 

In the second state the printed circuit technology with a PEN foil of 0.25 mm coated with copper (AKAFLEX® 
from KREMPEL GmbH) for the substrate was used due to its better conductance and resolution of the 
lithographically patterned board in comparison with a printed silver paste pattern (see Figure 3b). The 
biocompatibility was provided by the gilding of the conductor paths, and silicon masking was substituted by 
the SU-8 photoresist patterning with enhanced resolution. The single transistor is depicted in Figure 3a. The 
entire device is assembled as in the previous case. Eight transistors are connected via one Molex connector 
and sixteen switches to the current/voltage converter - amplifier (see Figure 2b), a diagram of which can be 
found in Figure 3c, for further digital processing in a scope or another recording facility. 

 

Figure 3 The amplifier - current/voltage converter for testing of the OECTs 

3. RESULTS AND DISCUSSION 

The device was tested for the OECT output (Figure 4a) and transfer (Figure 4b) characteristics, where the 
optimum setpoint with respect to high transconductance and safety against redox reactions was found. Also 
the frequency/time constant limits were tested by modulating the gate voltage by rectangular pulses 1mVpp 
and the frequency 1Hz and the responding gate induced drain current IDpp = 2.5 µA, which results in the 
transconductance g = 2.5 mS (Figure 5). The gate pulses of 250 µV were also reliably detected using FFT 
analysis. The time constant τ = 0.15 s is given by the serial combination of electrolyte resistance and volumetric 
capacity of the PEDOT:PSS channel. Other capacities and resistances (gate, electrical double layer - EDL) 
are neglected. 
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Figure 4 Output and transfer characteristics with the illustration of setpoint and the slope dependent on the 

drain potential 

 
Figure 5 Response of OECT to 1 mVpp gate rectangular signal at setting point VDS = -0.7 V VGS = 0.2 V. The 

derived transconductance gives g = 2.5 mS and time constant τ = 0.15 s. 

4. CONCLUSIONS 

The improved screen printing process of photoresist SU-8 masking was optimized and successfully 
implemented into previously adapted OECT sensors based on PEDOT:PSS and silicon masking [19]. The 
photolithographic process enabled shortening the channel length down to 100 μm and further and the OECT 
geometry to adapt on zero gate bias setpoint for maximum signal amplification. Simulating the pulsation 
of cardiomyocyte cells, the transconductance g = 2.5 mS was achieved with the S/N ratio about 10. The upper-
frequency limit 7 Hz was concluded from the OECT gate circuit time constant of 0.15 s. Additional improvement 
of the device speed and amplification could be obtained by reducing the OECT channel dimensions, mainly 
by the reducing the PEDOT:PSS volume capacitance by decreasing the channel area and its thickness. 
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Abstract  

Metalothionein (MT) is a polypeptide of molecular weight in the range of 6-10 kDa. MT typically contains 60 to 
68 amino acid residues. MT is characterized by its unique content of metal ions as well as its sulfur content. 
Higher MT levels were observed in proliferating cells. This fact demonstrates the importance of MT in the 
process of cellular regulation (relationship to cancer). The most widely used drug for patients with breast 
cancer metastases is an anthracycline antitumor antibiotic doxorubicin (DOX). However, the clinical use 
of DOX is limited by dose-related heart muscle damage (cardiomyopathy), more prevalent with increasing 
cumulative doses. For this reason, creation of novel pharmaceutical formulations based on using alternative 
methods as nanocarriers for targeted drug delivery to tumour cells is a crucial task in modern pharmacology. 
The aim of this work was to design a nanotechnological construct. The construct is designed as two separate 
nanotransporters. The nanotransporter (A) is formed by an antibody-modified AgNPs particle and a carbon 
nanotube with encapsulated DOX (AgNPs/Ab1/MWCNT/DOX/ODN1). The nanotransporter (B) is engineered 
with SPION particle modified with antibody and with bound MT (SPION / Ab2 / MT / ODN2). Construct 
AgNPs/Ab1/MWCNT/DOX/ODN1-SPION/Ab2/MT/ODN2 is formed using an oligonucleotide anchor. Individual 
parts of the nanotransporter were studied using appropriate methods. The presence of MT was monitored 
electrochemically by Brdicka method in connection with the transfer technique (AdTSV). Characteristic MT 
signals RS2CO (-1.15 V), Cat1 (-1.25 V), Cat2 (-1.45 V), Cat3 (-1.75 V) were observed at accumulation time 
of 120s. SDS PAGE confirmed the presence of MT on SPION nanoparticles at sizes 7 to 15 kDa. The DOX 
signal was fluorometrically monitored (Em 590 nm, Ex 490 nm). AgNPs sizes ranged from 15 - 20 nm, and the 
SPION nanoparticles ranged from 20 - 50 nm. Additionally, used AgNPs nanoparticles exhibited significant 
antiproliferative activity (growth inhibition by 20 - 40 %) on a model culture S. cerevisiae. Created 
nanoconstruct A showed growth inhibition for S. cerevisiae by more than 50 %. The nanoconstruct after these 
various analysis shows a high potential as an anticancer drug and may be an innovative way how to deal with 
the breast cancer in a targeted therapy 

Keywords: Nanomedicine, carbon nanomaterials; anticancer drugs, electrochemical analysis, biophysical  
        analysis 

1. INTRODUCTION 

Cancer belongs worldwide to the leading cause of human death. The early detection and precise diagnosis 
of the onset of a disease is the most promising approach to accelerate healing processes or to improve survival 
of patients. There are different approaches for cancer treatment, including surgery, radiation therapy, 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

343 

phototherapy, chemotherapy and biotherapy. Although chemotherapy has advantage in its efficiency, it has 
important limitations such as toxic side effects, damage of healthy cells, arising of the multidrug resistance and 
tumor recurrence. Therefore, new strategies are developed to overcome this problem. Nanoparticles and 
especially carbon nanoparticles have excellent physical properties, like NIR absorption or Raman 
enhancement and can be used for different approaches, among others for photothermal or photodynamic 
therapy, effective drug or gene delivery, or for diagnostic. Carbon is the fourth most abundant element in the 
universe, after hydrogen, helium and oxygen. Carbon atoms can build complicated organic structures. It can 
exist in different forms, which range from zero-dimensional (0-D, e.g. fullerenes) to three-dimensional (3-D, 
e.g. graphite). An analysis of a protein by electrochemical methods is not so broaden as by others techniques 
such as mass spectrometry [1,2]. On the other hand there have been published a number of papers, where 
the authors proved that an electrochemical technique could be a suitable tool for a determination of proteins 
[3-7]. More than 80 years ago Prof. Rudolf Brdicka laid the foundations of an electrochemical protein 
determination. He discovered an electrochemical catalytic signal of proteins in the presence of cobalt solution 
[8]. This technique has been used as a sensitive and selective tool for distinguishing of tumour and healthy 
tissue in 50s of the last century [9,10]. After that the electrochemical techniques were replaced by 
electrophoretic methods. In the beginning of 80s of the last century the method of Prof. Brdicka has been 
modified [11] and used for the detection of MTs [12]. The most widely used drug for patients with breast cancer 
metastases is an anthracycline antitumor antibiotic doxorubicin (DOX). However, the clinical use of DOX is 
limited by dose-related heart muscle damage (cardiomyopathy), more prevalent with increasing cumulative 
doses. For this reason, creation of novel pharmaceutical formulations based on using alternative methods as 
nanocarriers for targeted drug delivery to tumour cells is a crucial task in modern pharmacology [13]. The aim 
of this work was to design a nanotechnological construct. The construct is designed as two separate 
nanotransporters. 

2. MATERIAL AND METHODS 

Carbon (5 mg) was dispersed in 4 mL of an HNO3:H2SO4 (1:3) mixture. The obtained suspension was heated 
for 7 h at 70°C (Electrothermal, UK). Then, it was placed in an ultrasonic bath (Ultrasonic Cleaner T, VWR) for 
30 min and centrifuged at 14 000 g for 30 min. (Centrifuge 5418 R, Eppendorf). The obtained supernatant was 
removed, and the sediment washed with 500 µL H2O (18 mΩ) and centrifuged at 14 000 × g for 30 min. The 
last step was repeated three more times. After the last centrifugation, the supernatant was removed and the 
sediment was dispersed in 500 µL of a 200 µg/mL doxorubicin (DOX) solution. The obtained suspension was 
placed in an ultrasonic bath for 30 min and centrifuged at 14 000 × g for 30 min. The obtained supernatant 
was removed and the sediment (fullerene-DOX nanocomposites) was washed twice with 500 µL H2O (18 mΩ). 
Beside, 250 µL of the suspension of fullerene-DOX prepared as above, before placement in an ultrasonic bath 
for 90 min, was additionally treated with 1 % acetic acid. Electrochemical measurements were performed with 
AUTOLAB Analyser connected to VA-Stand 663 (Metrohm, Switzerland), using a standard cell with three 
electrodes. The working electrode was a hanging mercury drop electrode (HMDE) with a drop area of 0.4 mm2. 
The reference electrode was an Ag/AgCl/3M KCl electrode and the auxiliary electrode was a graphite stick 
electrode. The supporting electrolyte was prepared by mixing buffer components. For smoothing and baseline 
correction the software NOVA.  Differential pulse voltammetry (DPV) of metallothionein: The amount of MT 
was measured using AdTS DPV. The samples of the MT were reduced before each measurement by 1 mM 
tris(2-carboxyethyl)phosphine addition according to [6, 14]. AdTS DPV parameters were as follows: an initial 
potential of -1.2 V, an end potential -0.3 V, a modulation time 0.057 s, a time interval 0.2 s, a step potential 
of 1.05 mV/s, a modulation amplitude of 250 mV, Eads = 0 V. All experiments were carried out at room 
temperature (24 °C). The DPV samples analyzed were deoxygenated prior to measurements by purging with 
argon (99.999 %) saturated with water for 60 s. AdTS DPV Brdicka reaction of MT: In our studies, the Brdicka 
supporting electrolyte containing 1 mM Co(NH3)6Cl3 and 1 M ammonia buffer (NH3(aq) + NH4Cl, pH = 9.6) was 
used; surface-active agent was not added. AdTS DPV Brdicka reaction parameters were as follows: an initial 
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potential of -0.35 V, an end potential -1.8 V, a modulation time 0.057 s, a time interval 0.2 s, a step potential 
of 1.05 mV/s, a modulation amplitude of 250 mV, Eads = 0 V. For the analysis of SPIONs MT concentration the 
SDS-PAGE with silver staining has been used. Gels (7.5 %) were prepared using acrylamide stock solution 
30 % (m / V) with bisacrylamide 1 % (m / V). Separating gel contained: acrylamide 7.5 % (m / V), bisacrylamide 
0.5 % (m / V), 0.4 M Tris/HCl, 0.1 % (m / V) sodium dodecyl sulfate (SDS), pH 8.8. Stacking gel contained: 
4.5 % acrylamide (m / V), 0.15 % bisacrylamide (m / V), 0.1 % SDS (m / V), 0.1M Tris/HCl, pH 6.8. 
Nanoconstructs were diluted 2:1 with a loading buffer (PLB Max). Each well contained 15 µl of the diluted 
solutions. Electrophoretic measuring conditions were: 120 V, 1.5 hours in a running buffer (24 mM Tris, 0.2M 
glycine and 3 mM SDS). After measurement the gel was stained with silver, scanned and evaluated by 
Colortest in the laboratory system Qinslab.   

3. RESULTS 

In our work, a unique DOX nanotransporter was prepared to target the tumor cell. The nanotransporter (A) is 
formed by an antibody-modified AgNPs particle and a carbon nanotube with encapsulated DOX 
(AgNPs/Ab1/MWCNT/DOX/ODN1). The nanotransporter (B) is engineered with SPION particle modified with 
antibody and with bound MT (SPION/Ab2/MT/ODN2). Construct AgNPs/Ab1/MWCNT/DOX/ODN1-
SPION/Ab2/MT/ODN2 is formed using an oligonucleotide anchor. Individual parts of the nanotransporter were 
studied using appropriate methods. 

 

Figure 1 Schema of the proposed nanoconstruct for its detailed characterization. Part A is a dual antitumor 
nanotransporter. DOX is encapsulated within carbon nanomaterial (nanotube, fullerene), and then this 
structure is bound to AgNPs, ODN1 and model general antibody using EDC / NHS modification. Part B 
provides a model for the targeted protection of healthy tissue. SPION particle is modified by MT, ODN2  

and antibody.  

The presence of MT was monitored electrochemically by Brdicka method in connection with the transfer 
technique (AdTSV). It has been known more than 80 years that it is suitable to use the catalytic signal 
of hydrogen evolution in the presence of ammonium buffer (1 M NH4Cl + NH4OH) containing cobalt solution 
Co(NH3)6Cl3 for the determination of the proteins containing cysteine amino acids, e. g. metallothionein 
(Figure 2).  
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Figure 2 Content of aminoacids in human metallothioneins of MT1 class according to Expert Protein 

Analysis System - ExPASy (A). (B) Model of Metal-thiolate clusters, according to [6]. 

 

Figure 3 Detailed characterization of prepared nanoconstructs by means of electrophoresis, dot-blot 
analysis and electrochemical detection of proteins. On the NC45 nitrocellulose membrane (pore size 

0.45µm, Serva, Germany) was pipetted 2 µl of antibody. The membrane was allowed to dry. Then blocked 
by 1 % BSA (bovine serum albumin) dissolve in PBS (Phosphate buffered saline) on a Multi-Rotator, Multi 
RS-60 (BioSan) for 40 minutes. Then the membrane was insered into a sample solution and again strirred 

on a rotator shaker for 1 hour. The membrane was then washed three times with PBS-T (Phosphate buffered 
saline with 0.05 % Tween 20) and then inserted into the gold-labeled antibody and stirred for 1 hour on 

rotator shaker. In the end the membrane was washed with PBS-T, allowed to dry and scaned for another 
evaluation. Other experimental details is in Material and Methods section. 

A number of authors have concerned with explanations of the processes, which proceed on the surface 
of working mercury electrode during Brdicka reaction. We observed during modified Brdicka reaction by AdTS 
DPV analysis four MT signals - Co1, RS2Co, Cat1 and Cat2. Signals of Cat1 a Cat2 correspond to the reduction 
of hydrogen at the mercury electrode [15]. Another signal, which is appeared at the potential about -1.0 V, 
relates with the reduction of the RS2Co complex [15]. In addition the signal called Co1 could result from 
reduction of [Co(H2O)6]2+ [15]. It clearly follows from the figure that character of the mentioned MT signals 
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change with different MT amount. Signal Co1 decreased and shifted to more negative potential with decreasing 
MT amount. The signal is almost un-detectable at MT amount under 0.6 pmol. The others mentioned MT 
signals of Brdicka reaction (RS2Co, Cat1 and Cat2) are getting well-developed and separated with decreasing 
MT concentration. In addition RS2Co and Cat signals decreased and slowly shifted to more positive potential 
according to decreasing MT concentration. Moreover, SDS PAGE confirmed the presence of MT on SPION 
nanoparticles at band sizes 7 to 15 kDa (see in Figure 3). Additionally, dot blot technique was used to confirm 
the presence of the bound antibody. Thus, it was clearly demonstrated that AgNPs were modified by antibody 
1 and SPION (20-50 nm) were modified with antibody 2. MWCNTs were chemically modified for DOX binding 
according to established procedures. The DOX signal was fluorometrically monitored (Em 590 nm, Ex 490 
nm). The amount of DOX bound to MWCNTs was around 50-60 %. Another part of the nanoconstruct were 
AgNPs (15-20 nm) that show antiproliferative effects. Additionally, used AgNPs nanoparticles exhibited 
significant antiproliferative activity (growth inhibition by 20-40 %) on a model culture S. cerevisiae. Created 
nanoconstruct A showed growth inhibition for S. cerevisiae by more than 50 %. The nanoconstruct after these 
various analysis shows a high potential as an anticancer drug and may be an innovative way how to deal with 
the breast cancer in a targeted therapy. 

4. CONCLUSION 

A unique universal nanotransporter, DOX and AgNPs, was developed to target the tumor cell. The 
nanotransporter (A) was formed by an antibody-modified AgNPs particle and a carbon nanotube with 
encapsulated DOX (AgNPs/Ab1/MWCNT/DOX/ODN1).  The nanotransporter (B) was engineered with SPION 
particle modified with antibody and with bound MT (SPION / Ab2 / MT / ODN2). Construct 
AgNPs/Ab1/MWCNT/DOX/ODN1-SPION/Ab2/MT/ODN2 was formed using an oligonucleotide anchor. 
Individual parts of the nanotransporter were studied using appropriate methods. In the next work, the 
nanotransporter will be treated with suitable target antibodies and tested on suitable cell lines.  
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Abstract 

Given the miRNA-34 family role as tumor suppressor in cancer, it was showed that using miRNA-34a as a new 
anticancer agent has a great therapeutic potential. Unfortunately, biopharmaceutical issues, rapid degradation 
in biological fluids, poor uptake into cells and not specific distribution into the body, prevent the use of wild-
type non-coding RNA by systemic administration. To overcome these limits, in our previous study we 
developed a new therapeutic concept based on nanotechnology delivery of miRNA-34a into prostate cancer 
using fluorescent nanodiamond particles coated with polyethylenimine. In the current study, in order to achieve 
a more conservative, stable and controlled release of miRNA-34a, we designed a system based on 
nanodimaonds-miRNA34a complexes encapsulated into nanofibers. We successfully encapsulate 
nanodiamonds into fibers of polycaprolactione, a biodegradable polymer with a slow degradation rate and a 
high cellular adhesion, using an electropsinning process. We cultivated prostate cancer cells (PC3 and DU145) 
on nanofibers scaffolds and we analyzed the presence of nanodiamonds in cells using confocal microscopy. 
Moreover, in these prostate cancer cell lines we observed a replacement of miRNA-34a via real-time PCR and 
a decreased viability testing the metabolic activity. Our preliminar results suggest a higher increased and stable 
mid-term replacement of oncosuppressor miRNA-34a in prostate cancer when the nanodiamonds-miRNA 
complexes are delivered encapsulating them in nanofibers. Therefore we provided an effective strategy for 
cancer therapy ready to be tested for in vivo experiments. 

Keywords: Nanodiamonds, nanofibers, gene therapy, prostate cancer 

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 are 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 was proved and decreased level in samples from patients with prostate 
cancers [3]. MiR-34a may exert its tumor suppressor role via targeting several signaling molecules involved in 
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 
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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 and nanofibers 

The possible use of nanoparticles for diagnostic and therapeutic applications has always been very attractive. 
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 (ND) 
are carbon based nanostructures with a nanoscale size (tens to hunderds of nanometers). Given the small 
size of the individual nanodiamond crystals, the ratio of their surface to their volume si much greater than within 
the large diamonds. That means that they can be coated with large amount of functional chemicals. Their size 
is also suitable for transportation of molecules into the the cytoplasm of the cell. Moreover, biocompatibilty 
of nanodiamonds was 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 accumulayion 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 photostability, emission in 
the near-infrared region and lack of photoblinking [6]. These properties have been utilized in a vast range 
of applications, from physics tyo biological applications such as single particle tracking inside cells or long-
term in vivo particle tracking [7]. Finally, the HPHT fluoscencent nanodiamonds surface is negatively charged 
upon oxidation, and strongly binds the prototypical transfection reagent PEI for delivery of macromolecules as 
miRNAs. transfection reagent polyethylenimine (PEI) for delivery of biomolecules as miRNAs. Nanofibers (NF) 
formed by electrospinning have been shown to mimic the structure and biological function of the extracellular 
matrix (ECM) in terms of chemical and physical structure [8]. The diameter of electrospun fibers closely 
matches the size scale of the ECM, which is ideal for cell attachment, proliferation, and differentiation [9]. With 
respect to the stereological properties of nanofibers, fiber diameter, porosity, and pore size are the most 
important parameters. In addition to serving as scaffolds, nanofibers meshes can be designed to serve as 
delivery vehicles for bioactive factors. The main aspects for the development of successful delivery systems 
for tissue engineering are the bioactivity of the biomolecules incorporated within the scaffolds and the 
controlled release of these biomolecules according to the time frame of tissue regeneration [10]. 
Functionalized nanofibers have been produced directly by electrospinning polymer blends/mixtures with 
various chemical agents such as antibiotics, cytostatics, proteins, DNA, and small interfering RNA. Moreover, 
the combination of nanoparticles such liposomes with polymeric scaffolds could overcome the limitations 
of conventional liposomes and extend their use in drug delivery [11]. 

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 trasfection reagent (Tr.re.) in order to compere 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 let 
vortex overnight and after the solution was centrifugated in 9000 g for 1 h 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 
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12.5 µL of 1 mg/µL of ND-PEI with 5 µL of miRNA-34a and Scramble miRNA. Fibrous meshes were prepared 
using a centrifugal spinning device (Cyclone 1000 L/M Forcespinning® device; FibeRio, McAllen, TX, USA). 
Polycaprolactione (PCL) was dissolved in a mixture of chloroform and ethanol in a volume ratio of 9:1 to make 
40 % solution, then it was miced with the nanodiamonds solution. An orifice G30 at a rotation speed of 6,000× 
g was used to prepare the fibrous meshes. Fibers were deposited on spunbond textile using vacuum-assisted 
deposition. During the electrospinning process we kept an environmental condition with 60 % of humidity. 
Moreover the voltage value of the intensity of the electric field between the electrode supplied by the polymer 
solution and the collector electrode was in range between 60 kV to 70 kV with a 60 % of humidity. Before cell 
seeding, PCL nanofibers were cut into round patches of 6 or 10 mm diameter and sterilized using ethylene 
oxide. The PC-3 and Du-145 cells were seeded for 48 and 72 h in a 96-well plate for confocal microscope 
visualization. Cell nuclei were stained with Hoechst 33342 and for visualization we used as excitation/emission 
parameters 405nm/461 (Hoechst) and 559/655-755 (NDs). Subsequently the images were recorded with an 
Olympus FV1000 SIM confocal microscope (objective 40×/0.95) and analyzed with Olympus FLUOVIEW 2.0a 
software. The cells were seeded in 96-well plates in order to evaluate cells proliferation using WST-1 assay 
after 48 h, 72 h and 7 days of incubation. Cells were seeded in 12-well plates and after 48 h, 72 h and 7 days 
incubation from the treatment 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. 

3. RESULTS AND DISCUSSION 

3.1. Nanodiamonds-nanofibers visualization 

Since fluorescent nanodiamond carriers are intended for monitoring, we performed confocal microscopy to 
see if it is possible to detect nanodiamonds in stained dead cells and if we can see any changes in cells seeded 
on nanofibers with nanodiamonds coated with miRNA-34a encapsulated. For visualization we used as 
excitation/emission parameters 405nm/461 (Hoechst) and 559/655-755 (ND) spectrum and any nonspecific 
fluorescence that interferes with nanodiamond luminescence was removed by bleach treatment. After 48 hours 
from the treatment, we were able to visualize nanodiamonds as clusters inside and outside nanofibers. 
Subsequently, at 72 hours from the incubation, we were able to visualize less nanodimonds and the nanofibers 
were showing a lower amount of fluorescence, probably due to the increased release of nanodiamonds. 
However, in the DU145 samples, it was difficult to find more clusters of nanodimonds due to the tendency that 
this cell line in growing as a layer of cells very close to each other’s. Although, we noticed a decreased number 
of cells in the 72 hours samples in both cell lines, as a preliminary sign that the release of these nanodimonds 
with microRNA-34a was starting to affect the cell proliferation. (Figure 1). 

3.2. Detection of miRNA-34a expression 

After 48 h, 72 h and 7 days incubation from treatment with miRNA-34a and scramble miRNA transfected with 
both transfection methods and with encpasulation in nanofibers, 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 values from samples treated with the standard transfection reagent. However, the highest increase 
of levels of miRNA-34 was found in the PC3 cells seeded on nanofibers and after 48 h of incubation. In DU245 
cell line, the replacement of miRNA-43 levels was also more successful after 48 h of incubation, however in 
this cell line we didn't find a significant increase of miRNA-34a levels comparing the incubation 
of nanodiamonds with the incubation in which the cells were seeded on nanofiers encpasulating 
nanodiamonds. The results were normalized using RNU44 as a control houskeeping gene (Figure 2). 
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Figure 1 Images of cells seeded on nanofibers with nanodiamonds linked with microRNA encapsulated:  
PC3 48h (A), PC3 72h (B), DU154 48h (C), DU145 72h (D) 

 
Figure 2 Real-Time PCR analysis of miRNA-34 expression in PC3 cell line (A) and DU145 cell line (B) 

3.3. Evaluation of cell proliferation 

The 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 . 
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Absorbance measurements were recorded after 48 and 72 h and 7 days of incubation from treatment and 
control samples were obteined from non-treated cells. Moreover we compared these results with the 
proliferation observed seeding these cell lines on nanofiber encapsulating our nanodiamonds complexes. We 
evaluated percentage of cell proliferation normalizing the absorbance results obteined 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. However, 
the most significant difference was found when the cell lines were seeded on nanofibers after 7 days 
of incubation (Figure 3). 

 
Figure 3 Cell proliferation analysis in PC3 cell line (A) and DU145 (B) cell line 

4. CONCLUSION 

In our previous study, we compared the transfection efficiency between a nanodiamons system and standard 
transfection reagent in order to delivery miRNA-34a, a well-known tumor suppressor miRNA, into prostate 
cancer cell lines. Our preliminary results suggested that the ND-based delivery systems seem to be a 
promising strategy to delivery miRNA-34a into prostate cancer in order to achieve a safe and effective targeting 
of the tumor. Given these promising results, in this study we observed the efficiency of such delivery system, 
encapsulating our nanodiamonds complexes in nanofibers of polycaprolactione made by electrospinning. We 
performed in vitro experiments treating PC3 and DU145 prostate cancer cell lines, and the first step was being 
able to visualize the fluorescence of these nanodiamonds inside the nanofibers. We noticed a decrease 
of fluorescence after 72 h, indicating the nanofibers’ capability of releasing ND complexes coated with miRNA-
34 mimic. Moreover, using WST-1 assay, we observed a significant decrease in cell proliferation in samples 
treated with ND-PEI-miRNA34a, especially when the cells were incubated seeding them on nanofibers and 
after 7 days after the treatment. 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 encapsulated in nanofibers starting 
from the 48 h incubation time. These new results prove that seeding the cells on nanofibers encapsulating 
nanodiamonds can induce a constant release of these complexes even after 7 days. Overall, polycaprolactione 
nanofibers could be considered as a valid delivery system for a stable mid-term replacement 
of oncosuppressor miRNA-34a linked on fluorescent nanodiamonds. 
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Abstract  

Surface-enhanced Raman scattering (SERS) has become an attractive analytical tool for recognition of various 
biomolecules and bio-objects. In this work, we created a universal platform, based on surface modified gold 
multibranched nanoparticles (AuMs), plasmon coupling between surface plasmon polariton waves (SPP) and 
localized surface plasmon (LSP), and utilization of advanced statistical methods for analysis and estimation 
of SERS spectra, measured on the „tumor“ cells cultivation media. At the first stage, we used the AuMs which 
have an extremely high number of plasmonic hot spots per single nanoparticle and provide excellent SERS 
signal intensification. The surface of AuMs was decorated with charged organic functional moieties to entrap 
various (bio) molecules from targeted solution. Chemical and morphological structures of the prepared 
nanoparticles were examined with different techniques such as SEM-EDX and Raman spectroscopy. The 
decorated AuMs were placed in the cultivation media of melanoma and fibroblast lines in vitro. After interaction 
with cultivation media the AuMs were drop-deposited on the periodical gold grating, to achieve SPP-LSP 
coupling and even more enhance the SERS signal from entrapped (bio)molecules. Raman spectra were 
collected from several kinds of melanoma cells lines and evaluated using the developed mathematical route.  

Keywords: Gold nanoparticles, SERS detection, cultivation media, arenediazonium tosylates 

1. INTRODUCTION 

SERS spectroscopy is a well-known analytical tool [1-4], that offers a number of advantages with other 
methods of analysis such as Fourier transform infrared (IR) spectroscopy, UV-vis absorption, fluorescence, 
nuclear magnetic resonance (NMR) and others [5-7].  Also SERS has become an attractive analytical tool for 
recognition of various biomolecules especially in tandem with plasmonic gold multibranched nanoparticles 
(AuMs) [8]. 

AuMs comparing to other nanoparticles (NPs) are famous with their biocompatibility, chemical stability, and 
plasmon tunability [8,9]. Moreover, they have controllable synthesis, easy surface modification, high molar 
absorption coefficient and plasmon peaks that are tunable into the near-infrared (NIR) region. It means that 
AuMs are ideal analysis tools for biochemical assays [9].  

However present of the art state of SERS does not allow performing the analyses of the “big” biomolecules, 
which represent one of central, but up-to-now unsolved challenge in this field. Many attempts to solve this 
question were performed through the creation of sophisticated SERS substrates (where the targeted molecule 
is sandwiched between the metal surface and metal nanoparticles) to enhance the SERS and prevent the 
Raman peak interference; specific functionalization of SERS-active surfaces (with the aim to reach the very 
definite “specific’ entrapping of biomolecules and minimize unspecific sorption); or introduction of advanced 
algorithm of SERS data analysis. In this study, we aimed to decorate AuMs with charged organic functional 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

355 

moieties to entrap (bio) molecules from the cultivation media of melanoma and fibroblast lines and collect 
Raman spectra from several kinds of melanoma cells lines and evaluated using the developed non-linear 
mathematical route (DMR). To our knowledge this is the first report of detection melanoma and fibroblast lines 
with DMR. Our results indicate that discrimination of a complex biological systems is possible with the 

implementation of advanced data evaluation.  

2. EXPERIMENTAL 

2.1. Materials  

Diethyl ether, deionized water, methanol (purist, p.a., absolute, ≥99.8 % (GC)), Chloroauric acid tetrahydrate 
(HAuCl4·4H2O, 99.9 %), silver nitrate (AgNO3,99.0 %), ascorbic acid (AA, 99.0 %), p-toluenesulfonic acid, 
acetic acid, terc-butyl nitrite, 4-nitroaniline, 4-aminobenzoic acid (+ 99 %), 4-aminophthalic acid (97.0 %), all 
were purchased from Sigma-Aldrich and used without further purification.  

2.2. Gold grating preparation  

Su-8 films were spin-coated onto freshly cleaned glass substrates and patterned using the linearly polarized 
excimer laser irradiation according to the procedure described in [10]. Gold thin films were deposited onto the 
patterned surface by vacuum sputtering. 

2.3. Gold nanoparticles preparation  

Gold nanoparticles (AuMs) were synthesized by the seed-mediated growth method with some modifications 
[11]. Briefly, seed solution was prepared by mixing boiling HAuCl4·4H2O solution (1 mM, 100 ml) with 1 % 
citrate solution (15 ml) under vigorous stirring. The solution was boiled 15 min, cooled, filtered by a 0.22 µm 
nitrocellulose membrane and kept in a dark, cold place. Nanostars were prepared by adding the seed solution 
(100 μl) to HAuCl4 solution (0.25 mM, 10 ml) with HCl (1 M, 10 μl). After that AgNO3 (20 mM, 100 μl) and AA 
(100 mM, 50 μl) were added simultaneously. After color change AuMs were immediately centrifugal washed 
[12]. 

2.4. Diazonium modification  

4-Aminobenzenediazonium tosylate (ADT-NH2), 4-carboxybenzenediazonium tosylate (ADT-COOH) and 3,4-
dicarboxybenzenediazonium tosylate ADT-(COOH)2 were prepared according to the published procedure 
[13,14]. AuMs were spontaneously modified due to the published procedure [12]. 

2.5. Entrapping of biomolecules expressed by the normal and tumor-associated cell lines 

Decorated AuMs were placed in the 0.35 mkl of analyte (cultivation medium, cultivation medium from health 
cells, cultivation medium from melanoma associated cells) and put in a cold, dark place for 3 hours. After that 
there were taken drops of each analyte and placed on the gold grating. When drops were dried SERS spectra 
were measured immediately. 

3. RESULTS AND DISCUSSION 

A schematic representation of the multibranched gold nanoparticles (AuMs) synthesis and surface modification 
is showing in Figure 1. 

Prepared AuMs were decorated by several arenediazonium tosylate salts (ADT-NH2, ADT-COOH, ADT-
(COOH)2) with the aim of changing the surface charge of the NPs and introducing functional groups. The AuMs 
shape and size distribution were examined by TEM after preparation, modification and purification procedures. 
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The results are presented in Figure 2. It is apparent that modification of AuMs did not change the shape 
of nanoparticles, which contain a great number of plasmonic hot-spots - sharp edges.  

 
Figure 1 Schematic representation of AuMs synthesis and surface modification 

 
Figure 2 TEM images of modified gold multibranched nanoparticles. The scale bar is 100 nm. 

The results of AuMs surface modification and organic functional group (OFG) grafting were also checked by 
SEM-EDS (Figure 3). EDS analysis confirmed the presence of OFGs characteristic elements on the NP 
surfaces with a spatial distribution correlating to the physical positions of AuMs on the SEM scans (Figure 3). 
The element ratio values (presented in the Table below Figure 3) correlate well with the composition of the 
attached OFGs.  

Figure 4 presents the absorption spectra of the gold grating where the apparent plasmon-polariton absorption 
band at 780 nm is well visible (i.e. the effective excitation of SPP takes place). Additionally, Figure 4 shows 
the absorption spectra of pristine and modified AuNPs. As evident, the main plasmon absorption peak 
of AuNPs is also located near the 780 nm. It must be also noted that used AuMs have an extremely high 
number of plasmonic hot spots per single nanoparticle that provide excellent SERS signal intensification, which 
can be further enhanced through the SPP wave, after the deposition of AuNPs on the gold grating surface.  

After interaction with cultivation media the AuMs were drop-deposited on the periodical gold grating, to achieve 
surface plasmon polariton waves - localized surface plasmon (SPP-LSP) coupling and even more enhance 
the SERS signal from entrapped (bio)molecules. Raman spectra were collected from several kinds 
of melanoma cells lines and evaluated using the developed mathematical route. The SERS spectra of line 
A2058 tumor melanocytes are presented in Figure 5. As is evident, the as-measured SERS spectra do not 
contain any apparent Raman band and the evaluation of results seems to be complicated. However, utilization 
of non-linear mathematical algorithm provide an possibility to effectively process the Raman signal and clearly 
distinguish the spectral areas, attributed to the different kinds of (bio) molecules. 
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Figure 3 SEM-EDS analysis of pristine and modified (-NH2, -COOH, -(COOH)2) AuMS images of modified 
gold multibranched nanoparticles. The weight concentrations of organic elements 

 
Figure 4 UV-Vis absorption spectra of the gold grating and pristine and modified  

(AuMs-NH2, AuMs-COOH, AuMs-COOH)2) NPs 
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Figure 5 SERS spectra of line A2058 tumor melanocytes deposited on the AuMs decorated with -NH2, -

COOH, -(COOH)2 organic groups to entrap (bio)molecules from solution (excitation wavelength - 785 nm) 

4. CONCLUSION 

We have developed and analytical route to apply the SERS spectroscopy for the analysis of sophisticated 
(bio)objects. Proposed procedure includes the combination of gold nanoparticles surface functionalization, 
utilization of plasmonic coupling and advanced Raman spectra evaluation using non-linear mathematical 
algorithms. In particular, we analysis the melanoma lines with DMR using Raman spectra of decorated AuMs 
with charged organic functional moieties and perform the transition from the initially complexed spectrum to 
the clearly distinguishable Raman information.  
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Abstract  

Sarcosine oxidase (SOX) is an enzyme that catalyzes the oxidative demethylation of sarcosine with the glycine 
as a product and is physiologically active in human body and other mammals. However prostate cancer cells 
have a high expression of sarcosine. In this study the superparamagnetic iron oxide nanoparticles (SPIONs) 
were prepared and their surface was modified with gold nanoparticles (AuNPs). These AuNPs were modified 
with chitosan (CS) and SOX. Obtained AuNPs were characterized by physicochemical methods, such as 
dynamic light scattering or spectrophotometry, where the pseudo-peroxidase activity of the AuNPs was used. 
Hydrogen peroxide decomposes because of the pseudo-peroxidase activity with the appearance of a blue 
coloration of 3,3’,5,5’-tetramethylbenzidine (TMB). For the analysis of AuNPs enzymatic activity the SDS-
PAGE with silver staining has been used. Gels (7.5 %) were prepared using acrylamide stock solution 30 % 
(m / V) with bisacrylamide 1 % (m / V). Separating gel contained: acrylamide 7.5 % (m / V), bisacrylamide 
0.5 % (m / V), 0.4 M Tris/HCl, 0.1 % (m / V) sodium dodecyl sulfate (SDS), pH 8.8. Stacking gel contained: 
4.5 % acrylamide (m / V), 0.15 % bisacrylamide (m / V), 0.1 % SDS (m / V), 0.1M Tris/HCl, pH 6.8. 
Nanoconstructs were diluted 2:1 with a loading buffer (PLB Max). Each well contained 15 µl of the diluted 
solutions. Electrophoretic measuring conditions were: 120 V, 1.5 hours in a running buffer (24mM Tris, 0.2M 
glycine and 3mM SDS). After measurement the gel was stained with silver, scanned and evaluated by 
Colortest in the laboratory system Qinslab. The SPIONs or AuNPs cannot be detected themselves alone using 
SDS-PAGE, therefore this method served as a confirmation, that all parts of the nanoconstruct are connected 
and we are able to analyze them and use them for other research or possible diagnostic purposes. 

Keywords: Superparamagnetic iron oxide nanoparticles, gold nanoparticles, sarcosine oxidase, chitosan,  
        enzymatic activity, SDS-PAGE 

1. INTRODUCTION 

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 manifested in sarcosinemia and in 
some other diseases such as prostate cancer [1-3]. For this purpose, sarcosine detection using the 
nanomedicine approach was proposed. In this study, we have prepared superparamagnetic iron oxide 
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nanoparticles (SPIONs) with different modified surface area. Gold nanoparticles (AuNPs) were modified by 
chitosan (CS), and sarcosine oxidase (SOX). SPIONs without any modification were taken as controls. 

2. MATERIAL AND METHODS 

All chemicals were purchased from Merck. All reagents were of analytical grade and used without any further 
purification. Ninhydrin, hydrindatin were purchased from Ingos, (Czech Republic). Aqueous solutions for size 
analysis were prepared using PURELAB® Ultra (Elga, High Wycombe, United Kingdom) resistivity 18 MΩ-cm. 
For other purposes deionized water was used. The obtained NPs were characterized by physicochemical 
methods. Structure of NPs was characterized by scanning electron microscopy (SEM). For documentation 
of the NPs structure, the MIRA3 LMU (Tescan, Brno, Czech Republic) was used. Absorbance scan was carried 
out in the range from 300-850 nm by 2 nm steps. All measurements were performed at 22 °C (V UV-3100PC, 
VWR, Germany). The absorbance or spectra in plate (Brand, Germany) were recorded by using a reader 
Infinite M200 (Tecan, Männedorf, Switzerland). The size distribution (i.e. the hydrodynamic diameter, DH) was 
determined by dynamic light scattering (DLS) using the Zetasizer Nano ZS ZEN3600 (Malvern Instruments, 
Malvern, UK) with the detection angle of 173° in optically homogeneous square polystyrene cells. For the 
analysis of SPIONs SOX concentration the SDS-PAGE with silver staining has been used. Gels (7.5 %) were 
prepared using acrylamide stock solution 30 % (m / V) with bisacrylamide 1 % (m / V). Separating gel 
contained: acrylamide 7.5 % (m / V), bisacrylamide 0.5 % (m / V), 0.4 M Tris/HCl, 0.1 % (m / V) sodium dodecyl 
sulfate (SDS), pH 8.8. Stacking gel contained: 4.5 % acrylamide (m / V), 0.15 % bisacrylamide (m / V), 0.1 % 
SDS (m / V), 0.1M Tris/HCl, pH 6.8. Nanoconstructs were diluted 2:1 with a loading buffer (PLB Max). Each 
well contained 15 µl of the diluted solutions. Electrophoretic measuring conditions were: 120 V, 1.5 hours in a 
running buffer (24mM Tris, 0.2M glycine and 3mM SDS). After measurement the gel was stained with silver, 
scanned and evaluated by Colortest in the laboratory system Qinslab. The SPIONs or AuNPs cannot be 
detected themselves alone using SDS-PAGE, therefore this method served as a confirmation, that all parts 
of the nanoconstruct are connected and we are able to analyze them and use them for other research or 
possible diagnostic purposes. 

3. RESULTS 

The obtained NPs were characterized by physicochemical methods. The size of the NPs determined by the 
dynamic light scattering method was as follows: SPIONs/Au/NPs (100-300 nm), SPIONs/Au/CS/NPs (300-700 
nm), and SPIONs/Au/CS/SOX/NPs (600-1500 nm). The SPIONs surface was modified with CS. The amount 
of CS deposited on the NP surface was found to be 48 mg/mL and 39 mg/mL for SPIONs/Au/CS/NPs and 
SPIONs/Au/CS/SOX/NPs, respectively, and it repeatability varied around 10 %. Pseudo-peroxidase activity 
of NPs was verified using sarcosine, horseradish peroxidase (HRP) and 3,3' 5,5'-tetramethylbenzidine (TMB) 
substrate (Figure 1).  

We used the following particle types for gel electrophoresis: SPIONs, chitosan modified SPIONs, SPIONs with 
SOX, SPIONs with SOX and horseradish peroxidase (HRP), SPIONs with SOX, HRP and dithiotreitol (DTT), 
SPIONs with SOX, HRP and zinc. The last type of nanoparticles, were SPION nanoparticles with SOX, HRP, 
DTT and zinc. In gel electrophoresis, SOX was shown as tetramer, therefore we followed 4 bands on a gel 
electrophoresis, which we evaluated individually. Figure 2 shows the calibration curve of SOX at a 
concentration range, up to10 μg/mL. The calibration curve is evaluated using Colortest in Qinslab laboratory 
system. This is the dependence of the density (expressed by LOG (lo / l)) and the concentration of the enzyme. 
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Figure 1 Pseudo-peroxidase activity of SPIONs/Au/NPs, SPIONs/Au/CS/NPs, SPIONs/Au/CS/SOX/NPs. 
Photographs (camera Canon PowerShot SX610 HS, 20.2 Mpx CMOS sensor, ultra wide-angle lens with 18x 

superzoom) showing (A) a typical appearance of individual used types of SPIONs in a range 
of concentrations from 0 to 40 mg/mL in 50 mM phosphate buffer (pH 8.0) and (B) a typical color course 
of pseudo-peroxidase reaction with SPIONs/Au/NPs in a range of concentrations from 0 to 40 mg/mL; 

representative image; (C) Time course of pseudo-peroxidase reaction (0 to 30 min) for SPIONs/Au/NPs in a 
range of concentrations from 0 to 10 mg/mL; SPIONs/Au/CS/NPs and SPIONs/Au/CS/SOX/NPs (0‒40 

mg/mL); (D) Signal intensity of SPIONs/Au/NPs in dependence on pseudo-peroxidase reaction signal in a 
range of concentrations from 0 to 40 mg/mL. Composition of reaction mixture for the measurement 

of pseudo-peroxidase activity was as follows: 5 mM TMB, hydrogen peroxide 30 %, 0.5 M acetate buffer pH 
4. The measurement was carried out in the Brand plate after washing with 18 MΩ water, at 650 nm in 1 min 

reading interval, each value being the average of 5 repeated measurements. 

SDS-PAGE electropherogram of SPIONs is shown in Figure 3. As negative controls SPIONs and SPIONs 
modified with CS alone were used, when no bands appeared on the gel. For the other nanoparticles, 4 bands 
of SOX appeared, the intensity of which was evaluated by Colortest. If DTT and zinc were coupled with the 
enzymes, the band intensity was low. Conversely, if we added FAD or magnesium chloride, the band intensity 
improved. 
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Figure 2 Calibration curve of sarcosine oxidase at concentrations of 0, 0.62, 1.25, 2.50, 5.00 and 10.00 μg / 
mL. The curve is evaluated using the Colortest in the Qinslab laboratory system. This is the dependence 
of the density (expressed by LOG (lo / l)) and the concentration of the enzyme. The inset shows different 
concentrations of sarcosine oxidase on gel electrophoresis from the highest concentration to the lowest. 

 

Figure 3 A) On gel electrophoresis, the order of samples behind the protein ladder is the following 1- 
SPIONs without modification; 2 - chitosan modified SPIONs; 3 - SPIONs modified with chitosan and  

sarcosine oxidase; 4 - SPIONs modified with chitosan, sarcosine oxidase and 1mM DTT; 5-Spions modified 
with chitosan, sarcosine oxidase, 1 mM DTT and 0.2 mg Zn; 6 - SPIONs modified with chitosan, sarcosine 
oxidase and 1 mg Zn; 7 - SPIONs modified with chitosan, sarcosine oxidase and 0.5 mg Zn; 8 - SPIONs 
modified with chitosan, sarcosine oxidase and 0.2 mg Zn; 9-SPIONs modified with chitosan, the enzyme 
sarcosine oxidase and 0.1 mg Zn; 10-SPIONs modified with chitosan, the enzyme sarcosine oxidase and 

0.05 mg of Zn; 11 - SPIONs modified with chitosan, enzyme sarcosine oxidase and 0.025 mg Zn B) 
Evaluation of ladder by Colortest. The fragments are displayed by size. C) Evaluation of the first sample 

(SPION nanoparticles) using Colortest. In the picture it can be seen that no band was created. D) Evaluation 
of SPION specimen modified with chitosan, sarcosine oxidase enzyme and 1mM DTT again using Colortest. 

The individual peaks are beautifully visible on the graph, representing bands on the gel. 
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4. CONCLUSION 

The different types of SPIONs particles with SOX were prepared. Pseudo-peroxidase activity of SPIONs was 
verified using sarcosine, horseradish peroxidase (HRP) and 3,3' 5,5'-tetramethylbenzidine (TMB) substrate. 
The SOX presence in SPIONs was verified by SDS-PAGE electrophoresis. We prepared calibration curve 
of SOX at a concentration range up to10 μg/mL. The calibration curve was evaluated using Colortest in Qinslab 
laboratory system. The limit of detection of this SOX determination in SPIONS using SDS-PAGE 
electrophoresis was 0,62 μg/mL. 
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Abstract  

Histamine, biologically active amine, is normally present in the body and it is involved in a local regulation 
of physiological processes. It occurs in food as a product of microbial decarboxylation of amino acid histidine, 
and consumption of histamine-rich food can lead to intoxication. Hence, its identification, quantification, and 
awareness of this foodborne toxin are important for food safety as it can serve as an indicator of food spoilage. 
This study presents a synthesis of various γ-Fe2O3 nanoparticles, which differ in surface functionalization, 
application of particles for histamine detection and isolation, and subsequent reaction of desorbed histamine 
with ninhydrin for final ion exchange chromatography quantification. The aim of this study was to develop easy 
to use, cost-effective, and error-free procedure for quantification of histamine.  

Keywords: Histamine, nanoparticles, food safety 

1. INTRODUCTION 

Histamine is normal constituent of many foods, such as fish, meat, cheese, and wines and is described as low 
molecular weight organic base with a heterocyclic structure. The formation of histamine in food is mainly 
derived from enzymatic decarboxylation of histidine and can have a toxicological effect especially in histamine 
sensitive consumers. Usually, histamine does not represent any health hazard but due to ingestion of large 
quantities, when food is spoiled, it causes anaphylactic reactions [1]. Therefore, the presence of histamine has 
been used as an indicator for quality control during food production [2]. 

Histamine poisoning also referred as scombroid poisoning, is the most common seafood intoxication in the 
world. It occurs after the consumption of food containing histamine at concentration higher than 500ppm [3]. 
To prevent potential risk, the European Legislation set a limit for histamine levels in fishery products, up to 
maximum of 10 mg/100 g [4]. 

Merits of the conventional methods for histamine quantifications are high sensitivity and accuracy and most 
of them are based on liquid chromatography where histamine must be converted to a derivative capable to be 
detected in the visible range of the spectrum [5]. Despite sensitivity and reproducibility, chromatographic 
methods are complex, expensive, and time-consuming. Therefore, there is an urgent need to develop simple, 
rapid and reliable method for the routine analysis of this potentially hazardous food compound. 

The strategy described in this article used nanotechnology for separation of histamine, based on the adsorption 
of histamine on the paramagnetic particles (PMPs) with subsequent ion exchange chromatography (IEC) 
determination. The IEC based method used to determine histamine employed chemical derivatization 
of histamine using ninhydrin. A simple, sensitive and rapid method is described for histamine determination. 

2. EXPERIMENTAL PART AND METHODOLOGY 

2.1. Chemicals 

The chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) in ACS purity unless noted otherwise.  
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2.2. Synthesis of paramagnetic particles  

Maghemite nanoparticles were prepared by sodium borohydride reduction of iron nitrate (Fe(NO3)3•9H2O) 
according to following procedure. 7.48g of Fe(NO3)3•9H2O was dissolved in 400 mL of  water. Under stirring 
1g of NaBH4 was added, which was previously dissolved in 50 mL of 3.5 % NH3. The obtained solution was 
heated at boiling temperature for 2h. After cooling, dark product was separated by external magnetic field and 
washed several times with water. 100 mL of prepared nanoparticles were used as a core for surface 
modification.  

2.3. Synthesis of modified paramagnetic particles  

MAN181: 50 mL of methanol was added to a maghemite and mixture was shaken. Titanium(IV) butoxide was 
applied to modify the nanomaghemite surface Firstly 0.7 mL of titanium(IV) butoxide was applied to modify the 
nanomaghemite surface and subsequently 1 mL  of 28 % ammonium (w/v) was mixed. The resulting mixture 
was stirred at Biosan OS-10 (Biosan, Riga, Latvia) for 2 h at room temperature. Resulting product was 
separated using magnet and washed with water. 

MAN183: 50 mL of methanol was added to nanomaghemite and the mixture was shaken. Tetraethyl 
orthosilicate (TEOS) and titanium(IV) butoxide was applied to modify the nanomaghemite surface. Firsly 0.7 
mL of TEOS was mixed with nanomaghemite, after 1oh 0.7 mL of titanium(IV) butoxide was added. After 1 h 
of constantly stirring 1 mL of 28 % ammonium (w/v) was mixed. The resulting mixture was stirred at Biosan 
OS-10  for 2 h at room temperature. Resulting product was separated using magnet and washed with water. 

2.4. Ion exchange chromatography with visible light range detector 

For the identification of paramagnetic particles binding capacity an IEC Model AAA - 400 (Ingos, Prague, 
Czech Republic) with post-column derivatization by ninhydrin and an absorbance detector in visible light range 
was used. Experimental conditions were applied according to our preliminary study [6]. A glass column with 
an inner diameter of 3.7 mm and length of 350 mm was filled manually with strong cation exchanger Ostion 
LG ANB (Ingos, Prague, Czech Republic) in sodium cycle with ~12 μm particles and 8 % porosity. The column 
was thermostated at 60 °C. Double channel VIS detector with an inner cell of 5 μL was set to two wavelengths: 
440 and 570 nm. Prepared solution of ninhydrin was stored under a nitrogen atmosphere in the dark at 4 °C. 
Elution of histamine was carried out by a buffer containing 10.0 g of citric acid, 5.6 g of sodium citrate, and 8.4 
g of sodium chloride per liter of solution (pH 2.7). The flow rate was 0.25 mL/min. The reactor temperature was 
set to 120 °C. 

2.5. Scanning electron microscopy 

Morphology of paramagnetic particles was revealed using scanning electron microscopy (SEM) FEG-SEM 
MIRA (Tescan, Brno, Czech Republic). The SEM was fitted with Everhart-Thronley type of SE detector, high 
speed YAG scintillator based BSE detector, panchromatic CL Detector, and EDX spectrometer.  

3. RESULTS AND DISCUSSION 

Purpose of our study was to synthesize the paramagnetic particles able to establish a binding with histamine, 
and thus to isolate and preconcentrate this analyte from complicate matrices for its subsequent determination 
using IEC. Nanomaghemite acts as an excellent superparamagnetic carrier due to its unique physic-chemical 
properties and ability to be simply functionalized with chemically active groups. We reported controlled 
procedure for preparation of stable PMPs which are responsive to magnetic field and can be used for histamine 
isolation. For particles coating, substances with potential to cover the nanomaghemite surface and to provide 
active binding sites for histamine were selected as it is mentioned in the previous chapter where the entire 
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synthesis procedure is described. The surface coating is crucial for enhancement of the nanoparticles 
properties because it can regulate their stability and their selectivity.  

3.1. Workflow process resulting in binding of histamine onto MAN181 and MAN183 surface 

First, binding capacity of synthesized paramagnetic particles was tested by the described IEC method. Overall 
workflow process scheme can be seen in Figure 1A. Before PMPs application, it was necessary to include 
three washing steps with phosphate buffered saline (PBS) to remove undesired impurities, contained in the 
solid PMPs after their synthesis. Further, to achieve to highest yields of histamine, binding and elution 
conditions for histamine were optimized. The recoveries of histamine were 94.5 and 80.82 % for MAN181 and 
MAN183, respectively (Figure 1C). Synthesized PMPs showed high selectivity for binding of histamine which 
is probably based on the underlying principles of the proposed workflow process. Two pKa values of 5.8 and 
9.4 have been reported for histamine [7]. Therefore, in strongly basic environments histamine will be 
predominantly present in its neutral form and upon lowering the pH below 5.8, histamine exists as a dication. 
In this experiment, pH of the sample played an important role in the adsorption of histamine and Briton-
Robinson (BR) buffer pH 4 was used, causing histamine protonation and its interaction with the surface 
of PMPs (Figure 1B). 

 

Figure 1 (A) The workflow process, providing the binding between paramagnetic particles and histamine 
molecules. Firstly, the paramagnetic beads are synthesized. Secondly, the particles are functionalized. 
Thirdly, beads are mixed with histamine. As a fourth step incubation is included, following elution step. 
Sample was prepared to be analyzed using IEC. (B) Effect of pH on the protonation of histamine. (C) 

Histamine recoveries, in percentage, for MAN181 and MAN183. 

3.2. Morphological characterization 

After confirmation of ability to bind histamine combination of complementary characterization techniques for 
comprehensive morphological and chemical characterization of PMPs were carried out. To reveal the particles 
morphology scanning electron microscopy (SEM) was employed. As it shown in Figure 2, paramagnetic 
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particles are irregularly shaped, amorphic structures and form clusters very willingly, but it did not influence on 
their superparamagnetic ability. 

3.3. Characterization of elemental composition of PMPs 

The initially formed maghemite nanostructure changed into titanium modified particles evidenced by energy 
dispersive X-ray (EDX) spectra. EDX showed that the MAN181 and MAN183 are composed primarily of iron 
(Fe) and titanium (Ti) (Figure 2). 

 
Figure 2 (a)(b) Micrographs of PMPs showing their morphology and size (Scale 2 µm) were obtained using   

SEM for MAN181 and MAN183, respectively. (c)(d) EDX results providing information about elemental 
composition of MAN181, Fe - iron, Ti - titanium (e)(f) EDX results for MAN183 Fe - iron, Ti - titanium. 

4. CONCLUSION 

In this study, we synthesized titanium(IV) oxide functionalized paramagnetic particles with high affinity and 
specificity towards histamine. The development of these potential sensors for histamine analysis appears to 
provide alternative methods to separation techniques. The main advantage of proposed protocol is simple and 
fast PMPs based isolation which makes it especially suitable for routine determination of histamine in order to 
control potential toxic effects. Further application of this method is quite possible and more research will be 
undertaken in our laboratory.  
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Abstract 

Infectious diseases are known to be a constant threat to human health also in the beginning of the 21st century. 

The rapid growth of the human population has led to the agricultural intensification, which has caused an 
increase in resistant bacterial species in the environment. The aim of the project was to design and verify a 
theranostic tool combining the diagnostic and therapeutic parts for targeting the bacterial cells. The construct 
was composed of: A) silver nanoparticles prepared by green synthesis (AgNPsGS); B) antibiotic encapsulated 
in apoferritin (APO); C) modified magnetic gold nanoparticles (AuNPs). The effect of theranostic 
nanotransporter on prokaryotic cell culture was model-monitored by altering their growth characteristics (OD 
monitoring). During the project, 20 various types of AgNPsGS were prepared. The best antibacterial effect 
(85 % growth inhibition of S. aureus) with the minimal inhibitory concentration (MIC50) of 0.4 μg/mL was 
observed by AgNPsGS4 (Thymus serpyllum L.). SPIONs (20 mg/mL, magnetic AuNPs) were modified with 
antibody (1 mg/mL IgY) and oxidized graphene sheets (1 mg/mL). The EDC/NHS polymer (2.2 mM EDC, 4 
mM NHS, 3 h, 37 °C) was used for binding. The apoferritin (SPIONs/Au/APO) was attached to the 
SPION/AuNPs. In the SPIONs/Au/APO cavity (12 nm), the antibiotic doxorubicin (2 μM DOXO, the DOXO 
encapsulation efficiency was around 13 % of the applied concentration) was model-sealed. The created 
SPIONs/Au/AgNPsGS4/APO/DOXO construct was applied to the S. aureus model culture. In the presence 
of 70 μg of SPIONs/Au/AgNPsGS4/APO/DOXO, a dramatic growth inhibition of S. aureus (95 % growth 
inhibition and 13 mm wide inhibition zone on agar medium) was observed. The biological effect of the 
nanotransporter lies in ROS (reactive oxygen species) formation, DNA destruction and cell membrane 
damage. 

Keywords: Nanomedicine, silver nanoparticles, nanoconstructs, targeted therapy 

1. INTRODUCTION 

Tumor diseases are one of the most common diseases worldwide [1]. Secondary infections are serious 
complications in immunocompromised patients who have been treated with cytostatics [2]. According to 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

371 

statistical analyzes, patients with neutropenia due to tumor diseases and their treatment have a 15-60 % higher 
mortality rate for this infectious disease [3]. The effectiveness of the fight against bacterial infectious disease 
is lower every year due to the phenomenon of bacterial resistance to the antibiotics used and antibacterial 
chemotherapeutics. The main problem is their huge consumption in livestock farming as well as in human 
medicine, or poorly chosen therapies for mistakenly determined FAO diagnoses [4]. In the Czech republic, 
almost 70 tons of antibiotics and antibacterial chemotherapeutics were consumed in 2010 [5].  

A new and innovative option in the fight against resistant pathogens is the use of nanomaterials with 
antibacterial effect. The nanotechnology approach is an important strategy for obtaining new tools and 
procedures for overcoming bacterial infections and resistence [6]. Green synthesis of nanoparticles reduces 
chemical consumption and improves bioavailability, and consequently the surface modification 
of nanoparticles dramatically increases already known effects on target cells [7-10]. Green synthesis 
of nanoparticles uses the introduction of biological molecules from living organisms. Numerous studies have 
shown no significant antibacterial effects of silver nanoparticles (AgNPs) [7]. Surface modification of AgNPs 
provides further significant improvement of their antibacterial properties. In our concept we are coming with 
the use of modified gold nanoparticles, silver nanoparticles obtained by green synthesis in combination with a 
suitably chosen antibiotic enclosed in a nanoprotein construct [11]. Apoferritin is a protein that is known for its 
ability to self-organize in dependence on pH change [12]. This outstanding feature has been used for our 
experiments. The cavity of apoferritin is about the order of several nanometers, and therefore low-molecular 
compounds can be enclosed here in non-negligible concentrations. 

2. MATERIAL AND METHODS 

All used reagents were purchased in Merck-Sigma-Aldrich (USA) in analytical grade. Distilled water was 
prepared by the Aqual system (Tišnov, Czech Republic) and ultra-pure water was prepared by the ELGA 
(USA) system to the sterile 18 MΩ quality. 

For the purpose of this project, 10 types of AgNPsGS from Vietnamese plants were prepared. Four of them 
were selected to have the greatest antimicrobial effect. All samples were transferred to a Petri dish and placed 
in a drier (HN101, Lang-Shan, China) for 24 hours at 60 °C. Then the samples were homogenized to a fine 
powder using a mixer (Mixer Grinder Mixer HL1643 / 06, Philips, The Netherlands). The material thus prepared 
was used to prepare the plant extract. 15 g of the prepared plant material was mixed with 500 ml of ultra-pure 
water at 80 ° C. Extraction was carried out for 1 hour with constant stirring (IKA RH basic, Malaysia) at 80 °C 
and 300 rpm. Each plant extract was filtered and allowed to cool to room temperature. After filtration, the plant 
extracts were mixed in a 1: 1 ratio with 0.1 M AgNO3 and allowed to stir with a magnetic stirrer (IKA RH basic, 
Malaysia) at room temperature (23 °C) for 18 hours [13] By the green synthesis the following plants were 
prepared: AgNPsGS1 (Lagerstroemia indica), AgNPsGS2 (Carica papaya), AgNPsGS3 (Polyalthia longifolia), 
AgNPsGS4 (Ficus bengalensis). 

Doxorubicin fluorescence (DOXO) measurements were performed by pipetting into the microtiter plate (Brand, 
Germany) 100 μl of sample with a concentration of 10 μM DOXO. The weight concentration of apoferritin in 
acid form in the solution was 3.0 mg / ml. For measurement, the Multimode microplate reader M200 PRO 
(Tecan, Japan) was used, fluorescence of doxorubicin (Ex 480 nm, Em 650 nm) with a typical peak at 560 nm. 

For MIC testing in microtiter plates, the cultured sample of the selected microorganism was first diluted to OD 
0.1 at 600 nm using a pure sterile LB medium. 250 μl of the prepared diluted micro-organism was pipetted into 
the well of the microtiter plate and 50 μl of the test sample was added to each well. Measurement conditions 
were set to 18 hours, absorbance reading for 30 min, shaking for 30 min, shaking at 50 Hz for 5 s, temperature 
35 °C, wavelength 600 nm. The Multimode microplate reader M200 PRO (Tecan, Japan) was used for 
measurement. 
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3. RESULTS 

3.1. Preparation of the theranostic SGA nanotransporter 

In the experiment, a teranous nanotransporter was designed and studied by biophysical and microbiological 
methods for specific targeting of S. aureus. The proposed construct is composed of three separate parts 
(Figure 1). Part A of nanoconstruct is made of silver nanoparticle prepared by green synthesis with significant 
antibacterial effects. Part B of the nanocomposite consists of apoferritin encapsulated with an appropriate 
antibiotic.  

 

Figure 1 Proposed antibacterial nanotransporter scheme for sensitive and specific targeting on S. aureus 
bacterial cells. The nanotransporter consists of three separate units. Gold supraparamagnetic particles 

SPION modified by graphene sheet and antibody. (AND); silver nanoparticles formed by green synthesis 
of AgNPs (B); apoferritin cage with closed antibiotic (C). The individual parts are linked by the EDC / NHS 

binding polymer. 

Part C of the nanoconstruct consists of a superparamagnetic gold nanoparticle (SPION/Au/NPs). On the 
surface of the nanoparticle, an anti-protein A antibody was then attached to target surface A protein S. aureus. 
Additionally, the SPION/Au/NPs surface was modified by graphene sheets to bind cytotoxic compounds 
produced by S. aureus. The individual parts of the construct are interconnected with the EDC / NHS binding 
polymer to form a complete SGA theranostic construct. 

3.2. Monitoring of bacterial growth in the presence of AgNPs 

Growth curves of S. aureus bacterial culture were recorded over 18 h. All AgNPsGS showed a high inhibitory 
activity (above 60 %). For all other experiments, AgNPsGS3 were selected because they exhibited the highest 
antibacterial effect on S. aureus culture (95.6 %).  

3.3. Testing the SGA nanotransporter 

The binding efficiency of AgNPsGS3 to the remaining parts of the construct was about 15 %. Various variants 
of the construct underwent biophysical and microbiological testing. DOT BLOT, as a biological immunoassay 
method, was used to demonstrate antibody binding to SPION / Au / NPs. DOT BLOT can detect anti-protein 
A at 40 ng / ml 
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Figure 2 Integral absorbance of individual types of silver nanoparticles compared to control. In inset 

percentage inhibition of silver nanoparticles is given. The control is 100 %. Concentration 0.2 mg / ml, total 
volume 300 μl. Measured for 18 hours and readings were read at 30 ° C, at 37 ° C, shaking at 3 with 6 mm 

(A). Growth curves of S. aureus after application of various parts of the construct, total volume 300 μl. 
Measured for 18 hours and values were read at an interval of 30 minutes at 37 ° C (B). 

 

Figure 3 Doxorubicin Fluorescence Calibration Curve (Ex 480 nm, Em 650 nm) with typical peak at 560 nm. 
(A); Dependence of DOXO fluorescence on wavelength in open and closed apoferritin (B); Following the 

behavior of apoferritin in the acidic environment (different additions of 0.1 M HCl to a final volume of 30 μl), 
the release efficiency was determined as the fluorescence of doxorubicin. (C); Fluorescence integral 

of DOXO in apoferrin in acidic and basic media (D)  
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On the basis of all the experimental data obtained above, the nanoconstruct proposed by us was confirmed. 
The main aim of this work was to strengthen antibacterial properties. Therefore, the antibacterial effect of our 
nanoconstruct and its parts was monitored. (Figure 2). Part C composed of SPION / Au / NPs with bound 
antibody and graphene, coupling part C and A (AgNPs), linking part C and part B (apoferritin with encapsulated 
doxorubicin) and, of course, the entire final construct. Figure 2 shows typical growth curves in the presence 
of the nanoconstructs tested. Part C showed no antibacterial effects, nor were they expected. In the presence 
of antibacterially active substances, however, dramatic inhibition has been observed.  

Apoferritin is a protein that is known for its ability to self-regulate in dependence on pH change [12]. The 
apoferritin cavity is of the order of several nanometers, and thus low-molecular compounds can be enclosed 
at negligible concentrations at acidic pH, opening of the apoferrin structure, whereas basic environment for 
clustering. The anthracycline antibiotic doxorubicin at a concentration of 10 μM was stirred for 30 minutes while 
stirring. is sequentially closed (by changing the pH from acidic to alkaline) into the cavity of apoferritin. We 
found that doxorubicin (around 13 % of the DOXO concentration) was enclosed within the nanometric structure 
created (Figure 3). This fact can be used for the design of other nanoconstructions that will contain other 
antibiotics (penicillin G, vancomycin, etc.).  

4. CONCLUSION 

Advances in the treatment of bacterial infections are significant and, with the current antibiotic crisis, the 
importance of nanotechnology continues to grow. In recent years, researchers have been focusing on silver 
nanoparticles. In our work a nanoconstruct with multifunctional mechanisms of antibacterial activity was 
created - nanoantibiotic. The nanoconstruct binds to the bacterium by immunological binding via protein A with 
a specific antibody. Other parts of the SGA nanoconstruct are designed to damage the bacterial cell. The SGA 
nanoconstruct, designed by us, is functionalized by an antibiotic that is released from apoferithin at low pH. 
The antibiotic acts by a specific bacteriocidal mechanism. Another advantage of the prepared nanotransporter 
is the presence of graphene sheets. After bacterial lysis, bacterial toxins are released into the environment, 
from which are captured by graphene sheets with maximum sorption capacity to avoid damage to the host 
organism. Our SGA nanoconstruct showed very good overall stability in different environments. Its specific 
targeting to the bacterial cell was possible by binding to protein A. The synergistic effect of biogenic silver 
nanoparticles and antibiotic sealed in the apoferritin cage increased the inhibitory effect to more than 90 %. 
We expect the rapidly growing interest in theranostic applications based on metal nanoparticles that will not 
only encourage and stimulate research in this highly active region, but will also bring completely new 
fundamental knowledge. 
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Abstract 

Breast cancer is the most commonly diagnosed cancer in women. Circulating tumor DNA (ctDNA) is related 
to breast cancer development and thus, screening of tumors using ctDNA blood detection is highly sensitive 
and may significantly improve early-stage breast tumor diagnosis. Recently, a nanomaterial-assisted PCR 
using gold nanoparticles (AuNPs) has been applied to dramatically improve the specificity and sensitivity 
of PCR, achieving better gene detection. In this study, we aimed to optimize AuNP-assisted PCR, using a new 
AuNPs-ODN-ThiC3 nanocomposite. Synthesized AuNPs-ODN-ThiC3 nanocomposites, obtained after 60 min 
of interaction between AuNPs and ODN-ThiC3, were characterized by differential UV/VIS spectroscopy 
(AuNPs 35 mg/mL), AuNP peroxidase-like activity (0.5 mM TMB, 60 min, 30 cycles), PAGE 25 % gel 
electrophoresis with silver staining visualization (V = 120 mV, I = 150 mA, P = 20 W) and adsorptive stripping 
voltammetry (HMDE, from start 0 to end -1.75 V, time of accumulation 240 s). AuNP-ODN-ThiC3-assisted 
PCR was performed using Elizyme HS Robust Polymerase (5 U/µL), denaturation: 95 °C/15 s, annealing: 
59 °C/15 s, extension: 72 °C/15 s, 35 cycles.  Analysis of AuNPs modification was achieved with ODN-ThiC3 
(in different concentrations) and, therefore, new AuNPs-ODN-ThiC3 nanocomposites were obtained. We 
observed an increased absorbance signal of AuNPs at 527 nm, with the increase of ODN-ThiC3 concentration 
(at 260 nm) in the AuNPs-ODN-ThiC3 mixture (y = -0.0397 + 0.0734x, r = 0.99). Mixing ODNs-ThiC3 with 
AuNPs increased the peroxidase-like activity of AuNPs by 17 %. LS voltammograms of cytosine and adenine 
(CA) reduction (the average potential at -1.34 V) showed a linear dependence (r = 0.99) between peak current 
and concentration of ODN-ThiC3 in the AuNPs-ODN-ThiC3. A linear dependence (r = 0.99) between bands 
density and ODN-ThiC3 concentration was also achieved. Analysis of PCR protocols: AuNPs-ODN-ThiC3-
assisted PCR (AuNPs 814 µg/mL, ODN-ThiC3 4 µg/mL) showed a better yield (140 % of conventional PCR 
and 120 % of AuNP-assisted PCR). Conventional PCR can be optimized by integrating ODN-ThiC3 on the 
AuNP surface during PCR. This improvement represents an innovative PCR method for breast cancer 
detection. 

Keywords: Nanomedicine, gold nanoparticles, anticancer drugs, PCR, breast cancer  

1. INTRODUCTION 

Breast cancer is the most commonly diagnosed cancer in women, including 28 % of all types of cancers [1]. 
Circulating tumor DNA (ctDNA) is related to breast cancer development and, thus, screening of tumors using 
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ctDNA blood detection is highly sensitive and may significantly improve early-stage breast tumor diagnosis [2]. 
Recently, a nanomaterial-assisted PCR using gold nanoparticles (AuNPs) has been applied to dramatically 
improve the specificity and sensitivity of PCR, achieving better gene detection [3]. In this study, we aim to 
optimize AuNP-assisted PCR, using a new AuNPs-ODN-ThiC3 nanocomposite. 

2. MATERIAL AND METHODS 

All used reagents were purchased in Merck-Sigma-Aldrich (USA) in analytical grade. Distilled water was 
prepared by the Aqual system (Tišnov, Czech Republic) and ultra-pure water was prepared by the ELGA 
(USA) system to the sterile 18 MΩ quality. Synthesized AuNPs-ODN-ThiC3 (5’-
AGCCCTTGGGGASTTGAATTGCTG[ThiC3]-3‘) nanocomposites, obtained after 60 min of interaction 
between AuNPs and ODN-ThiC3, were characterized by differential UV/VIS spectroscopy (AuNPs 35 mg/ml), 
AuNP peroxidase-like activity (0.5 mM TMB, 60 min, 30 cycles), PAGE 25 % gel electrophoresis with silver 
staining visualization (V = 120 mV, I = 150 mA, P = 20 W) and adsorptive stripping voltammetry (HMDE, start 
0 to end -1.75 V, time of accumulation 240 s). AuNP-ODN-ThiC3-assisted PCR was performed using Elizyme 
HS Robust Polymerase (5 U/µl), denaturation: 95 °C/15 s, annealing: 59 °C/15 s, extension: 72 °C/15 s, 35 
cycles. 

3. RESULTS 

3.1. UV-visible spectrophotometry 

Analysis of AuNPs‘ modification: was achieved with ODN-ThiC3 (different concentrations) and, therefore, new 
AuNPs-ODN-ThiC3 nanocomposites were obtained. We observed an increased absorbance signal of AuNPs 
at 527 nm, with the increase of ODN-ThiC3 concentration (at 260 nm) in the AuNPs-ODN-ThiC3 mixture  
(y = -0.0397 + 0.0734x, r = 0.99) (Figure 1), suggesting that ODN-ThiC3 interaction with AuNPs surface may 
change its absorption properties. It should be noted that coating of AuNPs with ODNs impact the surface 
density, hybridization with the target sequences, and the non-specific interactions. We hypothesize that 
chemisorption of ODN-ThiC3 on AuNPs surface increases AuNPs solubility, which may explain the increase 
of AuNPs‘absorbance peaks when binding ODN-ThiC3. 

 

Figure 1 Effect of functionalization of AuNPs surface with increasing concentrations (0.714, 1.364, 1.957, 
2.500 and 3.000 µg/mL) of ODN-ThiC3 on the AuNPs absorbance at 527 nm. (A) Increasing concentrations 
of ODN-ThiC3 leads to absorbance increase at 527 nm. (B) The occurrence of this effect was linear between 

0.714 and 3.000 µg/mL. 
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3.2. Adsorptive Stripping Voltammetry (ASV) measurements 

Mixing ODNs-ThiC3 with AuNPs increased by 17 % the peroxidase-like activity of AuNPs. Electrochemistry 
of DNA at electrodes provides valuable insights into the mechanisms involved in DNA-mediated charge 
transport at electrodes. Moreover, electrochemistry provides the opportunity for highly sensitive DNA detection. 
ASV voltammograms of cytosine and adenine (CA) reduction (average potential at -1.34 V) showed a linear 
dependence (r = 0.99) between peak current and concentration of ODN-ThiC3 in the AuNPs-ODN-ThiC3. A 
linear dependence (r = 0.99) between bands’ density and ODN-ThiC3 concentration was also achieved. 
Analysis of PCR protocols: AuNPs-ODN-ThiC3-assisted PCR (AuNPs 814 µg/ml, ODN-ThiC3 4 µg/ml) 
showed a better yield (140 % of conventional PCR and 120 % of AuNP-assisted PCR). This data clearly 
demonstrates that interaction with AuNPs minimizes the reduction of ODN-ThiC3 on the electrode’s surface, 
interfering with ODN-ThiC3 detection using electrochemical-based methodology (Figure 2). 

 

Figure 2 Schematic illustration of attenuation of ODN-ThiC3- mediated electrochemistry by gold 
nanoparticles (AuNPs) 

3.3. AuNP-assisted PCR 

The specificity of the primer pairs for the desired DNA region was analyzed first by single conventional PCR. 
The target gene was amplified specifically using its designed primers. The size of the amplified products was 
identical with the expected target fragments (237 bp). To perform AuNP-assisted PCR, different reaction 
mixtures were made by adding a different volume (0.55, 1.10, 2.20, 3.30, 4.40, 5.50 and 8.75 µL) 
of synthesized AuNPs (18.50 mg/mL) to conventional PCR mixtures, obtaining different AuNPs’ final 
concentrations (407, 814, 1628, 2442, 3256, 4070 and 6475 µg/mL) in each mixture. The resulting PCR 
products were migrated on 15 % SDS-PAGE gel (Figure 3A). After executing silver staining protocol, the gel 
was scanned and processed by programmed ColorTest, which assigns intensity to the individual pixels of the 
studied image in the color area and allows densitometry quantifications of the bands as well as the drawing 
of its electrophoretic graphs. The enhancement of amplification yield (%) of the desired DNA sequence was 
defined as a ratio of the density value of the target DNA band obtained with AuNP-assisted PCR to the density 
value of the target DNA. band observed with conventional PCR, which is assigned to a value of 0 %. In AuNP-
assisted PCR, the concentration of AuNPs that enabled the PCR to produce the large amount of DNA target 
band (maximum efficiency) on the gel was identified to be the optimum concentration. This study revealed that 
AuNP-assisted PCR using AuNP concentrations of 407 µg/m and 814 µg/mL showed improved yield of gene 
amplification when compared with conventional PCR (Figure 3B). Taken together, these data confirms that, 
at an appropriate concentration, presence of AuNPs may significantly improve the efficiency of PCR, which 
can be explained by three general effects of AuNPs in PCR already reported (Figure 3C) 
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Figure 3 (A, B) The effect of the concentration (µg/mL) of gold nanoparticles on the yield of PCR: lane P 
(polymerase): 0; lane C (control): 0; lane 1: 0; lane 2: 407; lane 3: 814; lane 4: 1628; lane 5: 2442; lane 6: 

3256; lane 7: 4070; lane 8: 6475. (C) Schematic illustration of potential effects of gold nanoparticles  
(AuNPs) in PCR 

4. CONCLUSION 

The AuNPs did indeed improve the yield of PCR. Conventional PCR can be optimized by integrating ODN-
ThiC3 on the AuNP surface during PCR. Thus the use of AuNPs open new opportunities for improving PCR-
based techniques, among which the improvement of PCR-based ctDNA detection may optimize breast cancer 
diagnosis, allowing earlier tumor detection and improved breast cancer management.   
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Abstract 

The easy and fast detection of drug content and concentration levels is demanded in biological research as 
well as in clinical practice. Here we study on microscopic level how nanodiamonds and gold nanoparticles 
interact with a multifunctional drug molecule directly on a biosensor surface. The sensors are made 
of interdigitated Au electrodes coated by 5 nm hydrogenated or oxidized nanodiamonds and further combined 
with Au colloidal nanoparticles (size 20 nm) providing nanoscale composite (spacing 100 nm). Atomic force 
microscopy is employed to measure local tip-surface adhesion forces and surface topography. AFM adhesion 
maps show that the drug binds to all types of nanoparticles and the adhesion is also significantly influenced 
by the substrates on which the nanoparticles are deposited. Role of local AFM tip interaction with 
nanostructured surface is also discussed. 

Keywords: Biosensors, nanoparticles, nanodiamonds, Alzheimer drugs 

1. INTRODUCTION 

The easy and fast detection of drug content and concentration levels is demanded in biological research as 
well as in clinical practice. Therefore, label-free platforms based on electrical detection are intensively 
developed. Nanomaterials and structures are often introduced to provide a fast and sensitive response. [1] 
Nanodiamonds have unique properties for use in biosensors.[2] Nanocrystalline diamond provides a 
convenient combination of physical, mechanical, chemical, biocompatible and electrical properties [3-5]. 
Based on analysis using SEM and AFM microscopy we study on microscopic level how nanodiamonds and 
gold nanoparticles interact with drug molecules. As a model system we use experimental multifunctional 
molecule for treatment of Alzheimer disease [6]. 

2. MATERIALS AND METHODS  

For the preparation of sensors, commonly available sensors were used. Gold interdigital electrodes (IDE) are 
sputtered on the ceramic substrate (15-50 um gap, overall size 5 × 6 mm2) coated by nanodiamonds. 
Suspensions of detonation nanodiamond particles (hydrogenated H-DND and air-annealed O-DND) were 
prepared by ultrasonication and centrifugation in water and then drop casted (10 uL) on the active sensor area. 
Both types of sensors were also further combined with Au colloidal nanoparticles (AuNP, size 20 nm) for 
providing nanoscale binding sites. For drug binding were then functionalized in MTAB 
(myristyltrimethylammonium bromide) and finally exposed to 1-EN-142 drug [6] in DMSO (10 % solution) and 
rinsed by water and methanol to remove all excess residues. 

The electrode system allows the measurement of various sensitive layers. The used sensor consists of a layer 
structure with different roughness. The reason for using this sensor is that it is a commonly available platform. 
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The nanodiamond layer itself has different properties when it comes to O-DND or H-DND. Their properties are 
also strongly affected depending on the substrate used [7]. 

A set of sensor samples with different combinations of applied coatings (H-DND, MTAB, Au nanoparticles, 
drug 1-EN-142) were examined. Suspensions of detonation nanodiamond (DND) particles based on 
hydrogenated H-DND (as received, polyfunctional, positive zeta potential) and air-annealed O-DND (purified 
and oxidized by annealing in air at 450 °C, 30 min, negative zeta potential) were prepared by ultrasonication 
and centrifugation in water (20 mg of powder in 1 mL). Then 1 mL of supernatant was carefully extracted by a 
micropipette and diluted 10× by demi water prior to further use. Gold nanoparticles (AuNP) were obtained from 
a colloidal solution of citrate stabilized 20 nm Au particles (BBI Solutions, EM.GC 20, 0.06 wt%, particle density 
of 7 × 1011 particles per 1 mL). 

The morphological differences of the prepared sensors were studied by scanning electron microscopy (SEM) 
using Tescan MAIA 3 in secondary electron mode. Atomic force microscopy (Bruker ICON, CF4 treated 
Multi75AL cantilevers) was employed to measure local tip-surface adhesion forces and surface topography. 
Characteristic sensor area of 1 × 1 um2 was examined at a scan rate of 0.1 Hz and resolution of 512x512 
pixels. Plane correction and correction of scars were applied on adhesion images using Gwyddion software 
[8,9] to improve the visibility of the features. Tip particle adhesion on individual particles were evaluated also 
Gwyddion program. The basic principle was to determine adhesions of the small area typical 20 × 20 nm2 on 
individual particles. This area was always selected at the top of the particle. Determining adhesion from the 
area and not from the single top point on the particle allowed us to reduce the RMS of the adhesion signal. 

3. RESULTS AND DISCUSSION 

Figure 1a shows the schematic drawing of the sensor coated with DND and Au nanoparticles. Figure 1b 
shows typical SEM microscopic morphology of the sensor surface, in this case coated with O-DND/AuNP 
composite and with the adsorbed drug (EN). Fine nanostructured morphology is observed all over the electrode 
surface. This indicates dense coating of the electrodes by O-DND nanodiamonds. In addition, there are bright 
points noticeable. They most likely correspond to AuNP. This assumption is confirmed by further AFM 
adhesion analysis.  

 

Figure 1a) Schematic cross-sectional drawing of the sensor coated with DND and AuNP, b) SEM 
morphology (2 × 2 um2) of the sensor surface coated with O-DND/AuNP composite and with adsorbed drug, 

c) Detailed AFM topology (1 × 1 um2) of the same surface 

Figure 2 shows adhesion maps of the sensor coated with AuNP prior and after drug adhesion. Some rounded 
objects can be recognized on a smooth background in topography. Adhesion contrast reveals that they are 
different from the background and that they are composed of one to several rounded objects. Their height is 
about 20 nm. Their diameter is approximately 40 nm, however, that corresponds to 20 nm with AFM features 
being enlarged due to convolution with the tip of a typical diameter of 20 nm. Thus, these objects can be 
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attributed to our 20 nm gold nanoparticles. Typical adhesion values are around 1.4 nN for these AuNP and 1.9 
nN for the background electrode. 

 

Figure 2 Detailed AFM surface adhesion maps of a) sensor coated with AuNP, b) sensor coated with AuNP 
after exposure to EN drug 

Figure 2b shows that the drug absorption has a pronounced effect on the adhesion. Typical adhesion values 
are about 1.7 nN for AuNP and 3.2 nN for the electrode. This is a change of approximately 50 %. Importantly, 
adhesion on both AuNP and electrode change, hence the drug binds to both electrode and AuNP. 

 

Figure 3 Detailed AFM surface adhesion maps of a) sensor coated with H-DND, b) sensor coated with H-
DND after exposure to EN drug, c) sensor coated with H-DND/AuNP, d) sensor coated with H-DND/AuNP 

after exposure to EN drug 
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From adhesion map on the sensor coated with H-DND (Figure 3a) one can recognize a highly nanostructured 
surface morphology that is different to flat electrode background observed in Figure 2. There is a dense 
coverage by many small particles down to about 5 nm in size. It is thus obvious that the sensor surface is 
densely covered by H-DND. Typical adhesion values are around 1.8 nN on the H-DND nanoparticles and 3.3 
nN on the electrode (measured in a small pinhole). After absorption of the drug (Figure 3b), the adhesion 
increased to 5.3 nN on the H-DND nanoparticles and to 7.4 nN on the electrode. The root mean square (RMS) 
of adhesion is around 0.5 nN in both cases, thus the difference is significant.  

On the surface of a sensor where AuNP is added to H-DND (Figure 3c) one can recognize larger brighter 
particles among the smaller darker particles in the adhesion map. Considering the results on AuNP in Figure 2, 
these features can be attributed to the AuNP embedded in the H-DND layer. Typical adhesion values are about 
1.4 nN on Au nanoparticles and 0.7 nN on the H-DND. Adhesion map on the H-DND/AuNP sensor after drug 
exposure (Figure 3d) shows an increase in adhesion. Typical adhesion on AuNP is 5.8 nN and on H-DND it 
is 3.3. nN. This is 320 % increase in adhesion. The drug again binds to both AuNPs and H-DNDs.  

Figure 4 shows adhesion maps of the sensors coated with O-DND nanoparticles. Most of the surface is 
covered by O-DND nanoparticles. Typical adhesion on O-DND particles is 1.9 nN and on background electrode 
is 6.7 nN (measured in a pinhole). The drug adsorption reduces adhesion on O-DND. After drug exposure, 
typical adhesion value on O-DND particles is 0.8 nN and on the electrode it is 2.4 nN. 

In the case of sensor coated with composite of O-DND/AuNP (Figure 4 c-d) AuNPs can be again recognized 
in the adhesion maps. Typical adhesion values on Au particles is 6.3 nN and on O-DND nanoparticles it is 9.9 
nN. Adhesion after drug absorption decreases coated with composide O-DND/AuNP. Typical adhesion on Au 
particles is 4.2 nN and on O-DND nanoparticles is 2.4. nN. 

 

Figure 4 Detailed AFM surface adhesion maps of a) sensor coated with O-DND, b) sensor coated with O-
DND after exposure to EN drug, c) sensor coated with O-DND/AuNP, d) sensor coated with O-DND/AuNP 

after exposure to EN drug 
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All values of adhesion, on original and drug exposed sensors are summarized in graph in Figure 5. It is evident 
that in the case of sensors coated with H-DND, drug 1-EN-142 increases adhesion, whereas on sensors 
coated with O-DND the drug decreases adhesion. The reproducible and consistent decrease of adhesion on 
O-DND based coatings compared to increase of adhesion on H-DND based coatings after drug exposure 
indicates different drug binding and conformation on these two nanomaterials.  

In addition, H-DND and O-DND have also impact on the way how the drug binds to AuNP. Noticeably, after 
drug adsorption the adhesion on AuNP that is embedded in H-DND layer is 5× larger than on AuNP alone (see 
Figure 2b). Similarly this happens on AuNP that is embedded in O-DND, but the effect has opposite direction, 
the adhesion decreases after the drug adsorption. Noticeably, AuNP on O-DND exhibits much higher adhesion 
forces already before drug exposure. 

The difference is most likely related to different AuNP charges when interacting with different substrates [7]. 
This is supported by the observation that the presence of H-DND also increased the density of deposited Au 
nanoparticles compared to other substrates. Different drug-adhesion responses on the same material can be 
thus observed with different substrates. 

There is also different adhesion on H-DND or O-DND when alone or combined with AuNP. While the 
nanoparticles, coating process, and the sensor substrate are the same, the most likely explanation is change 
of nanodiamond surface due to exposure to AuNP colloidal solution containing citrates. 

Different adhesion is observed also on background electrode when measured on different sensors. However, 
the free electrode area is small on coated sensors. Thus the adhesion is influenced not only by the interaction 
of the tip with the electrode but also with the nanoparticles on tip sides. The situation is schematically illustrated 
by the inset in Figure 5. Due to this effect the adhesion and its change after drug adsorption is the same as 
for given nanoparticle coating. In other words, due to sideway interaction of the tip with the nanoparticles the 
observed adhesion is not really controlled by the bottom electrode.  

 

Figure 5 Bar graph of adhesion on individual particles on sensors with various nanoparticle coating. 
* Adhesion when tip interacts with bottom electrode. The inset shows schematic drawing of such interaction. 
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4. CONCLUSION 

We combined 5 nm nanodiamond coatings with 20 nm gold nanoparticles to create functional coatings on 
impedance sensor substrates. The microscopic morphology of the coatings was characterized by SEM and 
AFM, revealing nanoscale composite formation with uniformly distributed AuNP. The obtained adhesion maps 
from AFM showed that 1-EN-142 Alzheimer drug binds to all nanoparticle materials (DND-H, O-DND, AuNP). 
The drug binds to these nanoparticles whether they are standalone or combined in the composite. However, 
it binds in different configurations as indicated by opposite adhesion change on H-DND and O-DND based 
coatings. Interestingly the adhesion on AuNP depends significantly on surrounding materials, most likely due 
to different nanoparticle charging. The study thus may help understand biosensor response. 
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Abstract 

Extracts from naturally occurred sources, such as plants or microorganisms, have been recently tested for 
their interesting properties that can be used in food or cosmetic industry.  

The aim of this work is to encapsulate microbial compounds, some plant extracts and also model hydrophilic 
and hydrophobic substances. Chosen components were encapsulated into liposomes. 

Particle size and distributions of liposomes were analyzed by dynamic light scattering and their stability by 
using zeta potential. Spectrophotometric methods were used to measure encapsulation efficiency and to 
characterize the chosen plant extracts by its amount of total polyphenols, flavonoids and antioxidant activity. 

Chosen samples were analyzed for their antimicrobial activity and cytotoxicity. Serratia marcescens, 

Escherichia coli as gram-negative bacterias, Micrococcus luteus as gram-positive bacteria and fungal strain 
(Candida glabrata) were used to test antimicrobial activity. Human keratinocytes and mouse melanoma cells 
were used to cytotoxicity determination.  

It has been proved that encapsulation techniques help slowly release the active compounds from plant extracts 
and transport them to targeted location. Antimicrobial effect was also seen before and after encapsulation into 
liposomes. Moreover, none of the extracts showed evidence of cytotoxicity. 

Keywords: Encapsulation, liposomes, polyphenols, antioxidant activity, antimicrobial activity, cytotoxicity 

1. INTRODUCTION 

Novel antimicrobial research and its results are very often used to combine with antibiotic therapy. This can 
be new way how to pursue in order to combat and delay resistance of pathogens. Many research groups are 
studying the effects of natural antimicrobial substances. These agents can be used as stand-alone or 
adjunctive therapies.1 Mainly, phenolic compounds are increasingly attracting attention and in this context, the 
use of essential oils or other plant extract may exert synergistic antimicrobial activity. [1,2,3] Essentials oils and 
plant extracts are widely used in food, agricultural, cosmetics and pharmaceutical application. However, there 
are certain limitations, such as, low water solubility, strong organoleptic flavor and low stability. Using 
of encapsulation techniques might help increasing these components’ chemical stability and solubility. 
Encapsulation into different type of particles also supports controlled and sustained release which enhances 
the bioavailability and efficiency against resistant pathogens. [2,3,4] So, the antimicrobial efficiency against 
microorganism can be enhanced by applying novel drug delivery systems such as nanoparticles or liposomes.1 

Liposomes are spherical lipid vesicles with a bilayered membrane structure consisting of amphiphilic lipid 
molecules. A lipid membrane surrounding an aqueous cavity enables to encapsulate both hydrophobic and 
hydrophilic compounds. One of the most commonly used lipids in liposome preparation is phosphotidylcholine 
where cholesterol is incorporated into the formulation to adjust membrane rigidity and stability. Currently, 
liposomes are the most widely used antimicrobial drug delivery system, thanks to direct fusing with bacterial 
membranes, the antimicrobial component of liposomes can be released to the cell membranes or the interior 
of the bacteria. [5] 
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2. MATERIALS AND METHODS 

2.1. Chemicals 

ABTS (2,2‘azinobis-(3-ethylbenzthiazoline-6-sulfonic acid)), Gallic acid, (+)-catechin, Folin-
Ciocalteu’s reagent, cholesterol, soya bean lecithin, nisin and 
Trolox (6−hydroxy−2,5,7,8−tetramethylchroman)−2−carboxylic acid were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA). All other solvents and reagents used in the analysis were 
of analytical grade. 

2.2. Plant extracts and their characterization 

Three different types of extract were prepared (water, ethanol and essential oils). Total phenolic and flavonoid 
contents, antioxidant activity and antimicrobial activity of these extracts were analyzed. Finally, the extracts 
were used for encapsulation into liposome. The total phenolic content was measured using the Folin−Ciocalteu 
colorimetric method. Readings were quantified using a standard curve of gallic acid and the results were 
expressed in mg of gallic acid equivalent (GAE) per g of dry sample. The total flavonoid content was measured 
by the aluminium chloride colorimetric method. Readings were quantified using a standard curve of catechin 
and the results were expressed is mg of catechin equivalent (CE) per gof dry sample. Total antioxidant activity 
was determined by ABTS radical cation decolorization assay and antioxidant activity was calculated as a 
change in the absorbance. Results were expressed in mg of Trolox equivalent (TE) per gram of dry sample. 
The measurements were performed using UV-Vis spectrophotometer (Thermo Spectronic HeliosTM δ, Thermo 
Fisher UK Ltd., Hemel Hempstead, UK). 

2.3. Microorganisms and their cultivation 

The antibacterial activities of all extracts and liposome were determined against bacterial and yeast strains. 
Gram-positive Micrococcus luteus CCM 1569, Gram-negative bacteria Serratia marcescens CCM 8587, 
Escherichia coli CCM 7395 and yeast strain Candida glabrata CCM 8270 were used. All microorganism used 
in this study were supplied by the Czech Collection of Microorganisms in Brno. Bacterial cultures were grown 
in commercial Nutrient Broth medium, for Candida glabrata commercial medium YPD Broth was used. 
Temperature for cultivation of all tested microorganism was 37 °C.  

2.4. Determination of antimicrobial activity 

Agar diffusion method and broth dilution method were used to determine antimicrobial activity of extracts and 
liposomes. Mainly the microbroth dilution assay was used. In this method, microorganisms were inoculated 
into a liquid growth medium in the presence of different concentrations of testing samples. Specifically, 150 μL 
of 106 CFU/mL of microbial culture was added to sterile 96-well microtiter plates followed by 50 μL of sample. 
The negative control was prepared by adding 150 µL of microbial culture followed by 50 µL of solvent. 
Absorbance of the wells was measured using ELISA reader (BioTek Instruments GmbH, Bad Friedrichshall, 
Germany) at 630 nm, before and after 24 hour incubation at 37°C. 

2.5. Preparation of liposomes and their characterization 

In this work plant extracts were encapsulated into liposome nanoparticles prepared using sonication 
techniques from soya bean lecithin. Solution of lecithin 16 mg/mL with the addition of cholesterol 2 mg/mL was 
used. The lipid dispersion was sonicated (80 W, 20 kHz) using ultrasonic homogenizer (BANDELIN electronic 
GmbH & Co. KG, Berlin, GER) for a few minutes to form liposomes. Size of prepared liposomes and stability 
of liposomes were analyzed thanks to its zeta potential by dynamic light scattering using colloidal DLS analyzer 
Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). Encapsulation efficiency was measured 
spectrophotometrically. 
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The content of encapsulated polyphenols components was measured before and after encapsulation. The 
percentage of encapsulation efficiency (EE) was then calculated according to the following equation: 

100EE ⋅
−

=
t

ft

m

mm
                                                                  (1) 

where: 

tm  - total polyphenols before encapsulation (g) 

fm  - free polyphenols after encapsulation (g) 

3. RESULTS AND DISCUSSION 

3.1. Characterization of plant extracts 

In this study content of phenolics and flavonoids in prepared extracts was measured. Total antioxidant activity 
of tested extracts was determined too. The highest content of total phenolic components was determined in 
essential oil of clove, in ethanol extract and water water extract of clove and cinnamon (Figure 1). Aqueous 
extract sample of acerola was also characterized. Acerola extract showed even higher amount of total 
phenolics than tested spices - 23, 87 mg/g. 

 
Figure 1 Content of total phenolic components in different type of extracts 

 
Figure 2 Antioxidant activity of different type of extracts 

High antioxidant activity was observed mainly in water extracts (Figure 2) and the highest antioxidant activity 
was determined in nutmeg and clove. It is interesting that extracts of nutmeg had low concentration of total 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

389 

phenolic components, while exhibited high antioxidant activity. These results indicate that the phenolic 
components are not a sole source of antioxidant activity of these herbal extracts. 

3.2. Encapsulation of plant extracts and determination of particle stability 

Three different types of plant extracts were encapsulated into liposomes. Encapsulation was successful for all 
tested spice extract and encapsulation efficiency was in almost all case higher than 70 % (Figure 3). 

 
Figure 3 Encapsulation efficiency of different type of extracts 

Size of particles was analyzed by dynamic light scattering and the size of liposomes was in ranged from 100 
to 320 nm. Stability of the particles was then measured using zeta potential and all prepared particles exhibited 
very good stability (Table 1). 

Table 1 Size and stability of liposomes measured by dynamic light scattering and zeta potential 

source 
of encapsulat

ed water 
extract 

star anise clove nutmeg cinnamon acerola β-carotene nisin 

Ø size [nm] 172.6 ± 2.1 146.7 ± 0.8 164.2 ± 1.0 159.1 ± 1.9 130.8 ± 1.6 132.3 ± 0.7 106.7 ± 0.9 

ZP [mV] - 49.7 ± 1.1 - 46.9 ± 0.8 - 45.1 ± 1.6 - 43.4 ± 0.6 - 38.9 ± 1.1 - 44.1 ± 1.2 - 42.4 ± 0.9 

3.3. Determination of antimicrobial activity 

In this study the antimicrobial activity of different types of plant extracts encapsulated into liposomes were 
measured. The best antimicrobial activity was found in liposomes with essential oils. These particles showed 
good antimicrobial activity against all tested strains (Table 2).  

Table 2 Antimicrobial activity of spice extracts-load liposomes 

microorganism M. luteus S. marcescens C. glabrata 

type of encapsulated 
extract 
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clove +++ +++ + ++ +++ + +++ + + 
nutmeg +++ +++ ++ +++ + + + - + 

cinnamon +++ ++ + ++ + + +++ - + 
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0-35 % growth compared to the control (+++), 36-70 % growth compared to the control (++), 71-90 % growth 
compared to the control (+) 100 % growth compared to the control (-) 

Liposomes with chosen aqueous extract were combined with nisin in specific ration according to their individual 
antimicrobial activity. Some samples showed synergism when antimicrobial activity was higher than activity 
of individual nisin sample. Acerola, cinnamon and clove extracts might be the best extracts to be combined 
with nisin thanks to high antimicrobial activity against Micrococcus luteus, Escherichia coli and Candida 

glabrata (Table 3). 

Table 3 Antimicrobial activity of combined extracts of nisin and plant extract 

microorganism M. luteus S. marcescens E. coli C. glabrata 

concentration [mg/mL] 
0.1 20 0.1 10 0.2 50 0.1 10 

nisin extract 

ratio 

(nisin:extract) 

1:
0 

0:
1 

1:
1 

1:
2 

1:
0 

0:
1 

1:
1 

1:
2 

1:
0 

0:
1 

1:
1 

1:
2 

1:
0 

0:
1 

1:
1 

1:
2 

clove - ++ + + + + - + + - - + - + + + 

cinnamon - + - + + + - - + - - - - + + + 

acerola - + + ++ + + - + + ++ +++ +++ - + + + 

0-20 % growth compared to the control (+++), 21-50 % growth compared to the control (++), 51-90 % growth 
compared to the control (+) 100 % growth compared to the control (-) 

3.4. Long-term stability and safety of prepared liposomes 

The long-term stability of liposomes containing plant extract was tested in model conditions. The liposomes 
were also added into different type of cosmetic product (gel and emulsion) and stability of liposomes and 
stability of cosmetic product during storage were measured. The prepared particles exhibited very good 
long-term stability in aqueous conditions. Relatively good stability of particles was determined in cosmetic 
emulsion. Nevertheless, particles stored in the presence of higher concentrations of fat were less stable. 

Furthermore, it is necessary to test potential genotoxic and cytotoxic effects before application of prepared 
particles. Genotoxic effects of extract-loaded liposomes were analyzed by commercial SOS Chromotest kit 
and it was found, that neither particles show any genotoxic effect. Next, the cytotoxicity of liposomes was 
assessed by MTT assay on human epidermal keratinocytes (HEK). The MTT assay was used to assess the 
viability of HEC with different concentration of tested liposomes and it was confirmed that all tested liposomes 
particles with concentration from 2 to 14 % do not have toxicity effect. 

4. CONCLUSION 

Liposome particles with encapsulated hydrophilic or hydrophobic antimicrobial plant extract, especially spices, 
could be used in cosmetics and pharmacy applications as an alternative to antibiotics. Antimicrobial effect 
together with antioxidant activity of plant extracts even combined with animal origin substances, such as nisin, 
could be served as a very promising tool for food preservation or other antimicrobial products. Other potential 
applications of prepared particles are in disinfection or wound healing therapy. 
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Abstract  

At present, great attention is given to silver nanoparticles (AgNPs), which thanks to its unique properties, such 
as good electric conductivity, photoelectrochemical activity and antimicrobial activity are widely used. Green 
synthesis of nanoparticles uses biological molecules from living organisms. Biological extracts may contain 
molecules which exhibit significant antibacterial, antiviral and cytotoxic effects. The aim of this work was to 
study the diverse AgNPs synthesized from 10 different types of plant extracts. Extracts from dried plants 
(0.5 g/25 mL 18 MΩ water) were prepared at 70 °C by heating for 20 minutes. After filtration, the leachates 
were mixed in the 1:1 ratio with 0.1 M AgNO3 and allowed to stir at room temperature for 18 hours. They were 
then mixed in the 1:1 ratio with methanol, shaken for 5 minutes on the rotary mixer, and centrifuged at 12,000 
g for 30 minutes. After removing the supernatant, the pellet was dried at 60 °C for 24 hours. After weighing, 
the purified AgNPs were dissolved in 18 MΩ water. AgNPs were yellow, orange and brown. The extraction 
efficiency was monitored by organic solvents (methanol, ethanol, acetone, propanol). The yields of AgNPs 
ranged from 15 to 5 %, and the most suitable solvent was methanol with an average AgNPs yield of about 
10 %.AgNPs were characterized spectrally (spectral maxima were in the range of 300-500 nm) by determining 
the zeta potential and the size of nanoparticles (30-80 nm). Furthermore, antioxidant activity was monitored 
using ABTS (670 nm), DPPH (517 nm), and FRAP (595 nm) methods. Two methods (ABTS and DPPH) based 
on the elimination of synthetic radicals and the FRAP method based on the reduction of iron complexes were 
used to monitor the antioxidant activity. Antioxidation assays were evaluated using calibration curve equations 
in which the standard was gallic acid. The results for the ABTS and DPPH methods were also expressed as 
percentage of inhibition of the radicals and in the FRAP method as percentage of reduction activity. The results 
were calculated using the ABTS method in the range (25.9 - - 84.9 %), in the DPPH method (19.2-86.6 %) and 
in the FRAP method (8.5 - 93.2 %). Most AgNPs prepared by green synthesis showed significant antioxidant 
activity. 

Keywords: Nanomedicine, silver nanoparticles, green synthesis, antioxidant activity 

1. INTRODUCTION 

The synthesis of silver nanoparticles (AgNPs) attracts an increasing interest due to their new and different 
characteristics that allow applications in various fields of medicine and biotechnology such as antimicrobials, 
and anticancer agents [1]. The properties of AgNPs as a high surface area, very small size, and high dispersion 
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make them one of the most commonly used nanomaterials. AgNPs are also known to have antioxidant 
properties [2]. Several techniques have demonstrated that AgNPs can be synthesized using chemical and 
physical methods, however due to the fact of usage of a huge amount of toxic chemicals and high temperature 
conditions, a search for alternative methods began. Synthesis of nanoparticles by biological methods, using 
microorganisms, enzyme and plant or plant extract, has been suggested as possible eco-friendly alternatives 
to chemical and physical methods [3]. The use of plant extracts to produce nanoparticles is one 
of environmental friendly green processes. Nanoparticles produced from plant extract, because of their 
medicinal properties, could be used in drugs, targeted drug delivery and cosmetic applications [4]. The various 
biomolecules present in the plant extract such as enzymes, proteins, flavonoids, terpenoids, and cofactors act 
as both reducing and capping agents [5]. The plant-mediated synthesis of nanoparticles is relatively fast as 
there is no need of maintaining specific media and culture conditions, unlike microbial synthesis [5].  

Most of the oxidative diseases are due to oxidative stress resulting from free radicals [6]. Free radicals such 
as superoxide anion, hydroxyl radicals and non-radical species such as hydrogen peroxide and singlet oxygen 
are different varieties of activated oxygen constituting reactive oxygen species [7]. An active antioxidative 
defense system is needed to balance the output of free radicals. Antioxidant therapy by the curing of these 
diseases has an enormous importance. Nanotechnology is an interdisciplinary approach in biochemical 
applications and focusing on synthesis of nanoparticles have improved antimicrobial and antioxidant properties 
against the degenerative diseases and cancer [8]. Antioxidant activity in plant extract is due to the redox 
potential of phytochemicals [9], which can play an important role in quenching singlet and triplet oxygen, 
decomposing the peroxides or neutralizing the free radicals. Therefore, it is assumed that higher antioxidant 
activity of nanoparticles might be due to the preferential adsorption of the antioxidant material from the plant 
extract onto the surface of the nanoparticles. In our study we used ten types of greenly synthesized AgNPs 
from medicinal plants or food of plant origin and we tested them for their antioxidant activity using DPPH, ABTS 
and FRAP methods.  

2. MATERIAL AND METHODS 

2.1. Nanoparticle synthesis 

For preparation of AgNPs extracts from 10 different plants were used. They were the following: AgNPs 1 - 
black tea (Camelia sinensis), AgNPs 2 - green tea (Camelia sinensis), AgNPs 3 - coffee (Coffea arabica), 
AgNPs 4 - common thyme (Thymus vulgaris), AgNPs 5 - red clover (Trifolium pratense), AgNPs 6 - red 
raspberry (Rubus idaeus), AgNPs 7 - absinthe wormwood (Artemisia absinthium), AgNPs 8 - common 
agrimony (Agrimonia eupatoria), AgNPs 9 - garden strawberry (Fragaria ananassa), AgNPs 10 - purple 
crownvetch (Securigera varia). Plants except tea and coffee were harvested in the Boskovická brázda area in 
May 2018. After collection, they were washed in distilled water and dried in a 60 ° C oven for 48 hours followed 
by grinding to about 1 mm particle size. Extracts from dried plants (0.5 g/25 mL 18 MΩ water) were prepared 
at 70 ° C by heating for 20 minutes. After filtration, the leachates were mixed in the 1:1 ratio with 0.1 M AgNO3 
and allowed to stir at room temperature for 18 hours. The prepared AgNPs solution was stored at 4 ° C in 
closed containers and spectrally characterized. AgNPs solutions were also used for determination 
of antioxidant activity.  

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-1) 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. 
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2.3. Antioxidant properties of nanoparticles 

Photometric measurements were carried out using an chemical analyser BS-300 (Mindray, China). For 
detection itself, the following range of wavelengths can be used - 340, 380, 412, 450, 505, 546, 570, 605, 660, 
700, 740 and 800 nm. The DPPH test is based on the ability of the stable 2, 2-diphenyl-1-picrylhydrazyl (DPPH) 
free radical to react with hydrogen donors. A 150 µL volume of reagent (0.095 mM 2,2-diphenyl-1-
picrylhydrazyl - DPPH•) was incubated with 15 µL of sample. Absorbance was measured at 505 nm for 12 
minutes and output ratio was achieved by difference of absorbance at the last (12th) minute and second minute 
of the assay procedure. The ABTS radical method is one of the most used assays for the determination of the 
concentration of free radicals. 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•+. This reaction is monitored spectrophotometrically by the change of the absorption value. A 150 
µL volume of reagent 7mM ABTS• (2,2´-azinobis 3-ethylbenzothiazoline-6-sulfonic acid and 4.95 mM 
potassium peroxodisulphate) is poured with 3 µL of sample. Absorbance is measured at 660 nm. For 
calculating of the antioxidant activity, difference between absorbance at the last (12th) minute and second 
minute of the assay procedure was used. The FRAP method (Ferric Reducing Antioxidant Power) is based on 
the reduction of complexes of 2,4,6-tripyridyl-s-triazine (TPTZ) with ferric chloride hexahydrate (FeCl3·6H2O), 
which are almost colorless, or eventually slightly brownish. This chemical forms blue ferrous complexes after 
its reduction. Reagent preparation: Solution 1: 10 mmol.L-1 solution of TPTZ in 40 mmol.L-1 of hydrochloric 
acid. Solution 2: 20 mmol.L-1 solution of ferric chloride hexahydrate, in ACS water. Solution 3: 20 mmol.L-1 
acetate,buffer pH 3.6.  These three solutions (TPTZ, FeCl3, acetate buffer) are mixed in a 1:1:10 ratio. A 150 
μL volume of reagent is injected into a plastic cuvette with subsequent addition of a 3 μL sample. Absorbance 
is measured at 605 nm for 12 minutes. Difference between absorbance at the last (12th) minute and second 
minute of the assay procedure was used for calculating of the antioxidant activity. 

3. RESULTS 

3.1. Characterization of nanoparticles 

 

Figure 1 Characterization of AgNPs synthesized by green synthesis (A - AgNPs 3, B - AgNPs 5, C - AgNPs 
6, D - AgNPs 7, E - AgNPs 9. AgNPs were prepared using following plant extracts: AgNPs 3 - coffee (Coffea 

arabica, AgNPs 5 - red clover (Trifolium pratense), AgNPs 6 - red raspberry (Rubus idaeus), AgNPs 7 - 
absinthe wormwood (Artemisia absinthium), AgNPs 9 - garden strawberry (Fragaria ananassa). AgNPs were 
characterized by absorption spectra (a). The relevant characteristic images of the nanoparticles are shown in 

the pictures marked with b. Pictures of plants used for the preparation of plant extracts are marked with c. 
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The AgNPs were characterized by absorbance spectra (Figures 1, A, B, C, D, E, F, G, H, I, J-a) with the two 
characteristic absorption maxima that ranged between 470-480 nm (AgNPs B) (Figures 1, A-Ja).  
Figures 1, A-Jb illustrates the relevant images of the AgNPs prepared by green synthesis. Size 
of nanoparticles ranged between 30 and 80 nm. 

3.2. Antioxidant activity of nanoparticles 

The antioxidant activity was analyzed by DPPH, ABTS and FRAP methods for AgNPs prepared by green 
synthesis and the results were expressed in both DPPH and ABTS methods as percentage of radical 
scavenging and in FRAP method as percentage of Fe3+ reduction as well as in all methods as gallic acid 
equivalent (GAE) in mg.L-1. Percentage of DPPH and ABTS radical scavenging by AgNPs prepared by green 
synthesis is shown in Figures 2A,B and percentage of Fe3+ reduction measured using FRAP method is shown 
in Figure 2C. Results of antioxidant activity of AgNPs determined by DPPH, ABTS and FRAP method and  
expressed in GAE are shown in Figures 2D,E,F, respectively.   

 

Figure 2 Antioxidant activity of AgNPs synthesized by green synthesis determined by DPPH method (A, D), 
ABTS method (B, E) and FRAP method (C, F). In Figures 2A and 2B, the antioxidant activity is expressed as 
percentage of radical extinction, in Figure 2C as a percentage of Fe3+ reduction, and in figures 2D, E and F, 

in GAE. AgNPs were prepared using following plant extracts: AgNPs 1 - black tea (Camelia sinensis), AgNPs 
2 - green tea (Camelia sinensis), AgNPs 3 - coffee (Coffea Arabica), AgNPs 4 - common thyme (Thymus 

vulgaris), AgNPs 5 - red clover (Trifolium pratense), AgNPs 6 - red raspberry (Rubus idaeus), AgNPs 7 - 
absinthe wormwood (Artemisia absinthium), AgNPs 8 - common agrimony (Agrimonia eupatoria), AgNPs 9 - 

garden strawberry (Fragaria ananassa), AgNPs 10 - purple crownvetch Securigera varia. 

The highest antioxidant activity was determined in AgNPs 2 (prepared using green tea extract) and in AgNPs 
9 (prepared using garden strawberry extract) using DPPH and ABTS methods. Results of antioxidant activity 
of these samples ranged between 85-87 % of radical scavenging and 24-30 GAE (mg.L-1). When FRAP 
method was used, the highest antioxidant activity was determined in AgNPs 6 (prepared using red raspberry 
extract). Result of antioxidant activity of the sample was 93 % of radical scavenging and 65 GAE (mg.L-1).  

4. CONCLUSION 

Ten different AgNPs were prepared by green synthesis and spectrophotometrically characterized. The spectral 
maxima ranged between 470-480 nm. The determination of antioxidant activity using DPPH, ABTS and FRAP 
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methods showed, that the highest antioxidant activity was determined in AgNPs 2 (prepared using green tea 
extract), AgNPs 9 (prepared using garden strawberry extract), and AgNPs 6 (prepared using red raspberry 
extract). The anticancer properties of these AgNPs will be investigated. 
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Abstract 

Composite films based on furcellaran (FUR) and carbon quantum dots (CQDs) has been obtained by casting 
method. The effects of CQDs films as nanofiller on optical, physical, mechanical and microstructural properties 
of furcellaran films were evaluated. The synthesized composites were characterized using Scanning Electron 
Microscopy (SEM), Fourier-transform infrared spectroscopy (FT-IR) and ultraviolet-visible spectroscopy (UV-
Vis). The results from scanning electron microscopy (SEM) confirmed that the composite films have 
homogeneous and compact structure, with no fractures or cracks. Tensile strength (TS) and elongation at 
break (EAB) values increased with the increase of CQDs concentration. The UV-Vis results confirmed that 
composite films exhibited enhancement of photosensitivity. The FUR/CQDs composite films have high 
potential to be used in many applications. 

Keywords: Furcellaran, carbon dots, composite film   

1. INTRODUCTION 

Recently, polysaccharides-, proteins- and lipids- based films have been examined as an alternative for plastic 
packaging materials [1]. These bio-based films and coating offer excellent biocompatibility and 
biodegradability. However, biopolymer-based films have limitations: lower mechanical and water properties. 
This type of films are also used as carriers of active agents, such as essential oils [2], plant extracts [3] or 
nanostructures. In this work, we focused on the formation of nanocomposite films based on furcellaran and 
carbon quantum dots. Furcellaran is a polysaccharide with negative charge, which is composed of a fragment 
of (1 → 3) β-D-galactopyranose with a sulphate group at C-4 and (1 → 4) -3,6-anhydro-α-D-galactopyranose 
[4]. Carbon quantum dots, as a new class of photoluminescence (PL) nanoparticles, have been studied due 
to its excellent photostability, biocompatibility and low toxicity. Recently, there has also been a number 
of studies which investigated various nanocomposite films with quantum dots, including chitosan, gelatin [5], 
starch [6] and carboxymethyl cellulose [7]. Moreover, there are some reports on the application of carbon 
quantum dots such as photo catalysts, nanomaterials in medicine [8], sensors [9] and so on. To the best of our 
knowledge, no research work has been reported on the formation of nanocomposite films using furcellaran 
and carbon quantum dots. In this study, we described preparation of furcellaran films (FUR) containing carbon 
quantum dots (CQDs). Furcellaran was used as a polymer matrix and CQDs as nanofiller. The FUR/CDQs 
nanocomposite films were characterized using SEM, FT-IR and UV-Vis analysis. Physical and mechanical 
properties of nanocomposite films were also tested. 

2. METHODOLOGICAL BASES AND EXPERIMENTAL PART 

2.1. Chemicals 

Furcellaran was provided by Est-Agar AS (Karla village, Estonia). All other chemicals were of analytical grade 
and purchased from Sigma-Aldrich (St. Louis, MO, USA). 
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2.2. Preparation of carbon quantum dots (CQDs)  

Citric acid monohydrate (2.1 g) was dissolved in 45 ml of MilliQ water. Then, 3,3´-diamino-N-methyl-
dipropylamine (mdpta) (1.7 ml) was slowly dropped into the solution with stirring. Water was added to 50 ml. 
2 ml of the solution was heated in glass vials in microwave (130 °C) (Multiwave3000, Anton-Paar GmbH, Graz, 
Austria). 

2.3. Preparation of nanocomposite films  

Furcellaran films (FUR or control film) were prepared using a solution casting method. 1 g of FUR powder was 
dispersed in 100 ml of deionized water. Following this, glycerol (0.5 ml), as a plasticizer, was added into film-
forming solution and stirred at 50 °C for 30 min. For the preparation of nanocomposite films, the CQDs (1, 3, 
5, and 10 wt. % based on furcellaran) were added to the furcellaran solution following the same procedure as 
above. Finally, each film-forming solution (50 ml) was poured into petri dish (dimeter 90 mm) and transferred 
under fume hood and dried for 24 h. The dried films were peeled off from the petri dishes and conditioned at 
20 °C and 50 % relative humidity in desiccators before evaluating. 

2.4. Characterization  

Thickness The manual instrument Mitotuyo, no. 7327 (Kawasaki, Japan) was used to measure the film 
thickness. Five measurements were taken from each type of films and averaged. 

Water behaviors Water behaviors (WC- water content and WS- solubility) were examined according to our 
previous work [10].  

Mechanical properties Tensile strength (TS, MPa) and elongation at break (EAB, %) of films were examined 
using a texture analyzer TAxT2i Stable Micro System (Surrey, UK). Mechanical properties were calculated 
according to the following equations:  

TS CMPaK = ¹̧!º
»                                                                                                                                                                                     (1) 

*¼½C%K = �$
�W �100                                                                                                                                                                               (2) 

where TS - tensile strength [MPa], Fmax - breaking load [N] and S - an area of the film cross-section [mm]; EAB- 
elongation at break; Lf - final length of the film sample at the point of break, L0 - initial length of the film sample. 

Spectroscopic analysis Ultraviolet-visible (UV-Vis) spectroscopy was performed by using a UV-5500 
spectrophotometer (Metash), in the wavelength range from 200 to 800 nm. FTIR spectra of film samples were 
determined using a MATTSON 3000 spectrophotometer (Madison, Wisconsin, USA). 32 scans were collected 
with 4 cm−1 resolution in the 600 - 4000 cm−1 wavelength range. 

Scanning electron microscopy (SEM) For the documentation of the structure of films, a scanning electron 
microscope HITACHI S-3400 N (CA, USA) was used. 

Statistical analysis Statistical analysis was performed with Statistica v12.0 software (StatSoft, Tulsa, USA). 
Differences were statistically significant at the p < 0.05 level. 

3. RESULTS AND DISCUSSION 

The furcellaran films (FUR, control) were transparent, flexible and homogenous. The nanocomposite films with 
CQDs (in concentration 1, 3, 5 and 10 %) were visually homogeneous with no bubbles, cracks or brittle areas 
(Figure 1).  
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Figure 1 Appearance of nanocomposite FUR-based films with CDQs in different concentration (A) FUR films 
with 6 % CDQs, (B) FUR films with 0-10 % CDQs 

Figure 2 shows SEM micrographs of the FUR/CQDs films. Uniform and smooth structure was observed for 
furcellaran films (Figure 2A), the presence of CQDs did not caused significant differences in the appearance 
of the films. SEM micrographs suggested the strong interaction between CQDs and furcellaran molecules.  

 

Figure 2 Scanning electron microscopy micrographs of the surface of films (A) control films, (B) FUR films 
with 5 % CDQs and (C) FUR films with 10 % CDQs 

Table 1 Physical properties of furcellaran films with CQDs 

Concentration 
of CQDs* 

Physical properties of FUR/CQDs 

Thickness 
(mm) 

Water content 
(%) 

Solubility (%) 
Tensile 

strength (MPa) 
Elongation at 

break (%) 

0 % 0.10±0.01a 24.54±1.66a 100.00±0.00a 4.44±0.74a 54.77±2.75a 

1 % 0.10±0.01a 21.48±0.57b 100.00±0.00a 3.99±0.75a 54.09±3.80a 

3 % 0.10±0.01a 22.39±0.45b 100.00±0.00a 5.28±0.76b 56.29±4.40a 

5 % 0.10±0.01a 21.65±0.29b 94.18±1.97b 5.91±0.74b 56.16±4.02a 

10 % 0.10±0.01a 22.00±0.65b 60.55±1.95c 8.94±0.37c 56.34±2.31a 

* Values are expressed as mean ± standard deviation. Different letters in the same rows indicate significant differences (p < 0.05). 

Table 1 shows the effect of incorporation CQDs on physical properties of FUR films. The thickness of films 
was not affected significantly by addition of CQDs. Reduced solubility of nanocomposite films is related to 
strong interaction between polysaccharide and CQDs. The incorporation CQDs into FUR matrix caused 
reduction in water content. Tensile strength (TS) of nanocomposite films increase with increasing the CQDs 
concentration, and the values of elongation at break were at the same level. The increase in the TS value 
indicates the presence of increased stiffness of the film after the addition of CQDs.  
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The UV-Vis absorption spectra of FUR films, CQDs in the water, and FUR/CQDs films were shown in  
Figure 3. CQDs in the films absorbed radiation in the visible regions of 300-400 nm, which is related to strong 
fluorescence. The control film has no absorption above 300 nm, while increase in FUR films resulted in 
increase in peaks in the range 300-400 nm.  

 
Figure 3 UV-Vis spectra of CQDs, FUR films and FUR films with different concentration of CQDs 

The major bands in IR spectra of FUR films were observed at 841 cm-1 (-O-SO3 stretching vibration  
at D-galactose-4-sulfate), at 920 cm-1 (C-O-O of 3,6-anhydro-D-galactose), at 1030 cm-1 (C-O stretch), at 
1211 cm-1 (C-O bridge stretch), at 1632 cm-1 (water deformation), at 2923 cm-1 (C-H stretch), at 3267 cm-1  
(O-H stretch). The spectrum of FUR-10 % CQDs film was similar to the bands of FUR, but there were new 
peaks: the band at 1734 cm-1 attributed to the C=O in ester group and 1629 cm-1 assigned to -COO- symmetric 
stretching. Thus, CQDs can interact with the functional group of FUR. According to You at al. [7], Javanakht 
and Namazi [6,11], the FT-IR analysis confirmed that incorporation of CQDs into polymer matrix modified 
intermolecular interaction.  

4. CONCLUSION 

The nanocomposite films were developed by adding CQDs in different concentration (1, 3, 5 and 10 %) to FUR 
matrix using the solution casting method. The incorporation CQDs into FUR matrix significantly influences 
water and mechanical properties of nanocomposite films. The furcellaran films with any concentration of CQDs 
were highly transparent and luminescent. The films with CQDs showed better UV-Vis light barrier properties, 
which make them good candidates as packaging materials. Excellent barrier properties against UV light were 
shown by FUR-10 % CQDs. FT-IR analysis confirmed the interaction between FUR and CQDs, by the 
presence of new bands in spectra. The results showed that CQDs can be used to improve the properties 
of furcellaran films. This study was preliminary research, so future studies on antimicrobial activity and toxicity 
test are required. 
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Abstract  

Superparamagnetic iron oxides (SPIO) nanoparticles (NPs) are used as negative contrast agents in magnetic 
resonance imaging (MRI). However, controlled synthesis of highly stable, biocompatible, reproducible SPIO 
NPs in mild conditions is still very rare which is demonstrated by the fact that many commercial contrast agents 
have been withdrawn from the market due to the problems with effective and reproducible synthesis. Here, we 
introduce a facile and controlled synthesis of Gd-doped SPIO NPs. We have found that different amount 
of Gadolinium (5, 10 and 20 %) replacing the Fe mols in the beginning of the synthesis influence the final 
physico-chemical properties of the later products. With increasing amount of Gd ions, the higher amount 
of organic versus inorganic content is calculated (from TGA analysis) which is mirrored in decreasing 
of saturation magnetization (from 78 Am2/kg for SPIO without Gd to 15 Am2/Kg for 20 % Gd-doped SPIO). All 
prepared samples are stable in PBS and till 10 % of Gd doping biocompatible at high concentrations used (500 
µg/ml). Moreover, 10 % Gd-SPIO (cMNPs_Gd10) shows the most stable properties also in a high ionic strength 
(1 M of NaCl). This sample is promising for mesenchymal stem cells (MSC) labeling. After 24 hours, robust 
internalization into the MSC was confirmed by fluorescence optical microscopy and by strong negative signal 
of SPIO labeled MSC measured by clinical 1.5 T MRI.  

Keywords: Controlled synthesis, superparamagnetic iron oxides (SPIO), in vitro characterization,  
        mesenchymal stem cells (MSC), magnetic resonance imaging (MRI)  

1. MATERIALS AND METHODS  

1.1. Materials 

Carboxymethylcellulose, sodium salt (CMC), iron (II) sulphate heptahydrate (FeSO4.7H2O), gadolinium (III) 
chloride (GdCl3.6H2O), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) were from Sigma 
Aldrich (Germany) in analytical grade. Sodium hydroxide (p.a.), 99.8 % acetic acid, 37 % HCl, 28 % NH4OH 
(p.a.), NaCl (p.a.) were obtained from P-LAB (Czech Republic). Alexa Fluor 488 Hydrazide (AlexaFluo) was 
obtained from Life Technologies, Czech Republic. All chemicals were used without further purification. For all 
experiments double, distilled water (ddH2O) was used. 

1.2. Preparation of carboxylated MNPs (cMNPs) and Gd-doped cMNPs (cMNPs_Gd)  

Magnetite NPs stabilized by CMC (cMNPs) were prepared according to a protocol described earlier by 
Medříková et al. [1]. Briefly, CMC (1 g) was dissolved in ddH2O (30 mL) and heated up to 303 K. FeSO4.7H2O 
(720 mg) was dissolved in ddH2O (10 mL), pre-acidified by 37 % HCl (total volume of 100 µL) and added to 
CMC solution under mechanical stirring (300 rpm). NH4OH (28 %, 7 mL) was added to the mixture. Over a 
period of 15 min, the temperature was raised to 323 K followed by addition of 28 % NH4OH (5 mL). After 
another 15 min, the reaction mixture was removed from the hot plate and the formed magnetic colloid was 
immediately centrifuged (20,000 g, 293 K) for 1 h. The magnetic pellet was resuspended in 60 mL ddH2O and 
sonicated for 15 min. Subsequently, it was again centrifuged (20,000 g, 293 K, 1 h), the pellet resuspended in 
ddH2O (40 mL) and sonicated.  
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Carboxylated Gd-doped MNPs (cMNPs_Gd) were prepared according the same protocol as cMNPs including 
replacing 5 %, 10 % or 20 % mols of Fe in the reaction mixture by the same amount of Gd mols. The prepared 
magnetic nanoparticles were marked cMNPs_Gd5, cMNPs_Gd10, and cMNPs_Gd20, respectively. Briefly, 
mixtures consisting of 0.684 g of FeSO4.7H2O and 0.048 g of GdCl3.6H2O (cMNPs_Gd5), 0.648 g 
of FeSO4.7H2O and 0.096 g of GdCl3.6H2O (cMNPs_Gd10), and 0.576 g of FeSO4.7H2O and 0.193 g 
of GdCl3.6H2O (cMNPs_Gd20) were used instead of 0.72 g of FeSO4.7H2O in the protocol for the preparation 
of Gd-doped cMNPs. 

The final magnetic colloids were centrifuged (1,000 g, 298 K) for 20 min to remove any aggregates. The 
supernatants containing carboxylated magnetic nanoparticles (cMNPs) or Gd-doped cMNPs were collected 
and stored at 4 °C. 

1.3. Determination of stability 

The stability of prepared magnetic nanoparticles (NPs) was tested in phosphate buffered saline (PBS) 
consisting of 0.05 M phosphate buffer (pH 7.4) and 0.15 M NaCl solution (final concentrations). For each 
experiment, 250 µL of NPs (1 g of Fe3O4/L) were taken into 0.5 mL of phosphate buffered saline (0.1 M 
phosphate buffer, 0.3 M NaCl, pH 7.4) adjusted to 1 mL by ddH2O. The testing tubes were incubated at 310 K 
and at shaking speed 150 rpm. The hydrodynamic diameters of NPs (dH) were determined before and after 24 
hours of its incubation in PBS. The gadolinium release from NPs was determined after 24 hours of its 
incubation in PBS. The non-released and released Gd was determined in pellets and supernatants, 
respectively, after centrifugation (20 000 g, 30 min) by ICP-MS.   

1.4. Preparation of AlexaFluo modified cMNPs or cMNPs-Gd10 

Immobilizations of fluorescent mark onto NPs surface were carried out with the activations of carboxyl groups 
of NPs via EDC chemistry. In brief, 50 µL of EDC (1 mg) were added to 1 mL of NPs (1 g of Fe3O4/L) and the 
activation was performed for 30 min. Then, 0.03 mg of AlexaFluo was added and the immobilization was 
performed for 16 h, at 150 rpm, 10 °C, and in the dark. Unbounded agents were removed by centrifugation.    

1.5. Techniques for physicochemical characterization 

Microscopic images were obtained by transmission electron microscopy (TEM) JEM2100 microscope operated 
at 200 kV with a point-to-point resolution of 1.9 Å and high-resolution transmission electron microscopy 
(HRTEM) TITAN 60-300kV, operating at 300 kV. STEM - Energy Dispersive X-ray Spectroscopy (EDS) with 
acquisition time 20 min was used for chemical mapping. Thermogravimetric analysis was performed by a 
thermal analyzer STA 449 C Jupiter (Netzsch Instrument). Hydrodynamic diameter (dh) and zeta potential 
values (p) of cMNPs were determined by Dynamic Light Scattering (DLS) method using the instrument Malvern 
Zetasizer Nano (Malvern Instruments Ltd., Worcestershire, UK). The iron content in the solution was 
determined with a protocol of the ferrozine assay. The gadolinium concertation was determined by ICP-MS. 

A superconducting quantum interference device (SQUID, MPMS XL-7, Quantum Design, U.S.A.) was 
employed for the magnetization measurements. The hysteresis loop of the studied sample was collected at a 
temperature of 300 K in external magnetic fields ranging from - 5 to + 5 T. The magnetization values were 
corrected assuming the response of the sample holder and respective Pascal constants. 

1.6. In vitro cytotoxicity  

The viability of NIH/3T3 cells (ATCC, USA) was determined with using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide(MTT) assay (Sigma Aldrich). Cells were seeded in a 96-well plate (TPP, Biotech). 
After spreading (24h), cells were incubated with different concentration of various cMNPs nanoparticles in a 
fully-humidified incubator. After treatment with cMNPs (24 h), 20 µl of an MTT solution (concentration 
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of 5 mg/ml) was added into the each well. After incubation (4 h), the MTT solution was gently removed and 
dimethylsulfoxide (100 ml) was added to dissolve formazan crystals. Absorbance was measured at 570 nm 
using an Infinite PRO M200 multiplate reader (Tecan, Austria). Results are presented in relative viability with 
respect of control untreated cells. 

1.7. Stem cell labeling and MRI  

hMSCs were isolated from the fatty tissue of three healthy donors who had undergone cosmetic liposuction 
(one male, two female). Isolation of hMSCs was based on the incubation of lipoaspirates with collagenase. 
MSCs were expanded in complete DMEM supplemented with 5 % platelet lysate. All animal experiments were 
performed in accordance with the law of Czech Republic (Law on Animal Protection and Decree of Ministry 
of Agriculture on Experimental Animal Use and Breeding) and were approved by the Committees for the Use 
of Experimental Animals at Masaryk University and Palacký University. All collection of waste lipoaspirates 
from liposuction was performed after approval of the Ethical Committee of Masaryk University and with 
signature-documented informed consent of patients. 

For cellular internalization of cMNPs particles labeled by AlexaFluo and visual microscopic quantification 
of viable labeled cells Olympus IX 70 light fluorescence microscopes (Olympus Corporation) was used. The 
cells were grown on 24 well-plate. After spreading of cells (24hours), 100 µg/ml of cMNP_Gd10 conjugated 
with fluorescein dye was added and imaged after 4 hours, 1day and 5 days. 

For MRI phantom study of labeled cells, cells were grown on 24well plate. After 24 hours, 100µg/ml 
of cMNPs_Gd10 particles were added into each well and incubated overnight. After that, medium was 
removed, adhered cells were trypsinized, detached from surface and centrifugated. The obtained pellet (500 
thousand cells) was fixed in 1 % agar in 1.5ml eppendorf tube. The eppendorf with pellet containing labeled 
cells was measured on 1.5 T MRI clinical magnet using Sag T2 FrFSE sequences (TR:2600, TE:90, matrix 
2X2) 

2. INTRODUCTION 

Magnetic resonance imaging (MRI) has become a powerful technique in the clinical diagnosis of disease and 
in animal imaging. MRI enables images of living subjects with high spatial resolution and no penetration limit 
only by using of external magnetic field on tissue water protons [2-4]. To increase a diagnostic accuracy and 
most recently for molecular targeting or stem cell monitoring superparamagnetic iron oxide nanoparticles 
(SPIO) and paramagnetic chelates are being used as negative and positive contrast agents [5-7]. SPIO NPs 
are consisted of maghemite (γ-Fe2O3) or magnetite (Fe3O4) spinel structure having two nonequivalent 
magnetic sublattices revealing very high magnetic susceptibility. Moreover, below a critical size (usually below 
100 nm) superparamagnetic behavior occurs. This means that SPIO NPs show higher saturation 
magnetization than bulk material of the same chemical structure when using magnetic field, on the other hand, 
after switching off the external magnetic field the magnetization become zero and without remanence and 
coercivity. Therefore, during MR investigation SPIO can react very fast on MR magnetic field, causing a 
decrease of relaxation times of surrounding water protons which gives the negative signal of imaged tissue in 
T2-weighted images [8,9]. SPIO NPs of various sizes and polymer coatings has been clinically tested for 
imaging of bowel and abdomen (Lumirem, Abdoscan) [10,11], liver/spleen (Endorem, Feridex, Resovist), 
lymph node imaging (AMI-227 - Sinerem and Combidex), bone marrow imaging (AMI-227), perfusion imaging 
(NC100150 - Clariscan) or MR angiography (NC100150) [12] or cellular imaging [13].  

However, almost all commercial contrast agents have been recently withdrawn from the market mainly due to 
the problems with effective and reproducible synthesis. Most of SPIO have been synthesized by coprecipitation 
of iron salts which leads to nonuniform particles with non-perfectly defined magnetic properties. Reproducibility 
is thus also difficult. Other types of synthetic procedures include microemulsion, hydro-thermal or thermal 
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decomposition [14,15]. Generally, these syntheses are expensive with low quantities or hardly reproducible 
therefore the product in the clinics would be very expensive. Procedures leading to controlled synthesis 
of highly stable, biocompatible, reproducible SPIO NPs of high quantities are still very rare.  

Here, we demonstrate a facile and controlled synthesis of SPIO nanoparticles coated with 
carboxymethylcellulose which are biocompatible and very stable in PBS and also in a high ionic strength only 
by using appropriate amount of Gd chelated in the carboxymethylcellulose polymer (CMC). SPIO sample with 
10 % of Gd doped CMC shows promising results in mesenchymal stem cell imaging as negative MR contrast 
agent.  

3. RESULTS AND DISCUSSION  

The carboxymethylcellulose stabilized MNPs (cMNPs) were synthetized by the aqueous precipitation 
approach described earlier [1]. The morphology and structural organization of as-prepared nanoparticles were 
observed by TEM (Figure 1). The TEM image of colloidal cMNPs (Figure 1a) shows that nanoparticles were 
arranged into superclusters (densely packed nanoparticles) as described in the previous study [1]. 
Figures 1b-d show impact of Gd doping on structural organization of cMNPs. The increasing Gd content in 
the reaction leads to the destruction of superclusters. Whereas superclusters were partially recognizable in 
cMNPs_Gd5 (Figure 1b), the nanoparticles in samples cMNPs_Gd10 and cMNPs_Gd20 lacked supercluster 
arrangement (Figure 1c and 1d, respectively).  

 

Figure 1 TEM images of (a) cMNPs, (b) cMNPs_Gd5, (c) cMNPs_Gd10, and (d) cMNPs_Gd20.  
Scale bar is 40 nm. 

The accurate final contents of Gd in Gd-doped cMNPs (cMNPs_Gd5, cMNPS_Gd10, and cMNPs_Gd20) were 
measured by ICP-MS (Table 1) and were found to be 0.156, 0.332, and 0.712 g of Gd per 1 g of Fe, 
respectively. These concentrations are fully comparable with Gd:Fe ratios used in the reaction mixtures. The 
inorganic (Gd and Fe2O3) and organic (polymer) contents were determined thermogravimetrically (Table 1) 
and ranged from 80.4 to 48.5 for inorganic and from 19.6 to 51.5 for organic compounds, respectively. The 
polymer content increases by increasing of Gd amount in the sample which suggested that Gd play a key role 
as crosslinker agent for CMC. Due to the presence of Gd during the preparation of nanoparticles the higher 
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amount of polymer is attached on the surface of nanoparticles. This effect is achieved by formation of complex 
between Gd3+ and carboxyl groups of CMC.  

Table 1 Physico-chemical characterization of cMNPs and Gd-doped cMNPs 

Sample 
Inorganic /organic contenta 

(w/w %) 
Magnetization 

(emu/g) 
Gd contentb 

(g/g Fe) 
Gd contentc (g/g 

Fe) 

cMNPs 80.4/19.6 78.1 NA NA 

cMNPs-Gd5 62.5/37.5 37.5 0.156 ± 0.004 0.157 ± 0.013 

cMNPs-Gd10 51.8/48.2 32.8 0.332 ± 0.008 0.325 ± 0.011 

cMNPs-Gd20 48.5/51.5 15.2 0.712 ± 0.009 0.694 ± 0.008 
a Determined thermogravimetrically 
b Determined by ICP-MS 
c Determined by ICP-MS after 24 hours exposure to PBS 

In order to investigate magnetic properties of the prepared materials, hysteresis loops were measured at 300 
K (see Figure 2). The saturation magnetization values of cMNPs and Gd-doped cMNPs, which ranged 
between 78.1 and 15.2, are listed in Table 1. These values are lower than that reported for bulk Fe3O4 
(saturation magnetization of 89 emu/g) [15]. The reduction in the saturation magnetization can be explained in 
terms of finite-size effects, presence of organic substance (having a diamagnetic nature), and in the case 
of Gd-doped cMNPs also presence of gadolinium complexed with carboxyl groups of the polymer (having a 
paramagnetic nature) contributes to lower values. In our case, the effects of organic substance and/or 
gadolinium chelated with organic substance are prevailing as the magnetization values are normalized to the 
weight content of the sample. Moreover, remanence and coercivity of all prepared materials are almost 
undetectable indicating that the cMNPs clusters and Gd-doped cMNPs possess superparamagnetic properties 
at room temperature. 

            

Figure 2 Hysteresis loops of the synthesized cMNPs (left) and Gd-doped cMNPs  
(right) measured at a temperature of 300 K 

The stability of Gd-doped cMNPs (in terms of Gd release from polymer) were investigated using their 
incubation in PBS for 24 hours. It was measured that a content of Gd did not decrease in all Gd-doped cMNPs. 
Simultaneously, Gd was not detected in supernatants which indicate high stability of bonding between 
gadolinium and carboxyl groups of CMC. The mean hydrodynamic diameters (dh) before and after exposure 
of nanoparticles to PBS (Figure 3) were determined by DLS measurements. The results indicate that the Gd 
doping led to increase in dh values. However, Gd-doping did not decrease the stability of cMNPs because this 
increase of dh values can be contributed to higher polymer content on the nanoparticles surface. This 
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statement is supported by further lowering of dh of Gd-doped cMNPs after their 24h exposure to PBS which 
again indicate a high stability of all prepared nanoparticles. These decreases of dh values could be a result 
of interaction between Na ions and carboxyl groups.        

We further confirmed that Gd is chelated in polymer 
(CMC) corona by using chemical mapping (Figure 
4a). Moreover, the higher stability of cMNPs_Gd10 
compared to bare cMNPs even at high ionic strange  
(Figure 4b) make this sample suitable and promising 
for in vivo bio-application. Results from viability 
measurements (Figure 5) show that only 
cMNPs_Gd20 sample is significantly more toxic in 
concentrations above 350 µg/ml (IC 50 about 500 
µg/ml) probably due to the higher amount of Gd 
located on the outer shell of CMC. These Gd ions are 
thus in closer contact with the membrane of cells 
which can cause cytotoxicity. On the other hand, the 
rest three samples are biocompatible and viability 
of cells is not less than 80 % till concentration 
of 500 µg/ml.  

 
Figure 4 (a) HRTEM-STEM chemical mapping of cMNPs_Gd10 and (b) stability (hydradynamic diameter dh) 

of cMNPs_Gd10 in diverse ionic strength. 

 
Figure 5 Viability of NIH3T3 cells after 24 hours of incubation with various cMNPs. Note: Sm (cMNPs), A1 
(cMNPs_Gd5), A2 (cMNPs_Gd10), A3 (cMNPs_Gd20). Each error bar represents the average value from 

three independent measurements 

Figure 3 The mean hydrodynamic diameters (dh) 
of cMNPs and Gd-doped cMNPs before and after 
24 hour exposure of samples to PBS determined 

by DLS measurements     
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Based on the above mentioned magnetization data, stability and viability results, we realized to perform further 
biological experiments on cMNPs_Gd10 sample.    

First, we were curious if the labeled stem cells by our cMNPs_Gd10 can be visible by MRI technique. After 24 
hours of incubation with 100 µg/ml NPs 5x105 of MSCs were collected and centrifugated (see a reddish area 
in Figure 6 left). After that, this pellet of cells was imaged by 1.5 T MRI in T2-weighted images clearly visible 
as a black sphere in Figure 6 (right). Highly efficient negative contrast effect of labeled MSCs when compared 
to surrounding medium make the cMNPs_Gd10 promising candidate for in vivo MSCs monitoring. 

 

Figure 6 MRI contrast effect of MSC labeled by cMNPs_10. (left) reddish pellet of centrifugated labeled 
MSC, (right) black sphere of the same pellet measured by clinical 1.5 T MRI in T2 weighted images. 

One of the important issues of the nanoparticles interacting with cells is their internalization mechanism, 
localization and degradation within the cells. For this purpose, we covalently bound green fluorescein dye on 
the surface of cMNPs_Gd10. After 24 hours, SPIO NPs, most probably internalized by endocytosis, are 
localized homogenously in the endosomes/lysosomes as green globular areas depicted in Figure 7 (left). 
Moreover, MNPs are not found in nucleus of cells and cells keep their native morphology and proliferation rate 
(Figure 7 left and right) suggesting their high biocompatibility. Additionally, we can summarize that 
cMNPs_Gd10 sample could be used not only for MRI but also for optical imaging which in fact increase the 
sensitivity of the diagnostics [16]. 

 

Figure 7 Localization of cMNPs_Gd10 nanoparticles in MSCs using optical fluorescence microscopy 

CONCLUSION 

In this work, we prepared easily highly stable superparamagnetic iron oxide nanoparticles coated with 
carboxymethylcellulose polymer containing different amount of chelated Gd. By controlling the amount of Gd 
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in the synthesis the magnetization properties can be tuned. Moreover, we showed that the most stable 
cMNPs_Gd10 bound with fluorescent dye is appropriate for biomedical application as dual contrast agents for 
MCSs imaging.  
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Abstract 

Polyelectrolyte-surfactant mixtures are progressive systems studied for their potential use in numerous 
applications in daily life including delivery systems for pharmaceutics. Mixing polyelectrolytes with oppositely 
charged surfactant ions in aqueous media typically leads to a strong association providing a simple route for 
constructing ordered materials with a great scientific and application potential. In this study, the combination 
of cationized dextran with sodium dodecylsulphate as surfactant was used for the preparation of two types 
of hydrogels. The diffusion of Nile red and Atto 488 dyes from their solutions in surfactant or NaCl into the 
hydrogels was monitored in time. The time development of the diffusion flows was used for the determination 
of basic transport characteristics of hydrogels. The diffusion of the probe dyes in prepared hydrogels was 
compared and discussed. 

Keywords: Hydrogel, surfactant, polyelectrolyte, dye, diffusion 

1. INTRODUCTION 

Hydrogels are widely used for drug delivery systems in medicine of its unique characteristics [1-4]. These 
materials can prolong drug action and reduce side effects [1,5,6]. One of the main problems is how to solubilize 
hydrophobic compounds in hydrogels. The incorporation of some hydrophobic domains in the hydrogel 
structure would provide its solution. Hydrogels with the domains can be prepared by the interactions 
of polyelectrolytes with oppositely charged surfactant ions [4,7,8]. In this work, cationized dextran was used 
as polyelectrolyte and sodium dodecyl sulfate (SDS) as surfactant. Dextran is a bacterial-derived 
polysaccharide consisting of α-1,6-linked D-glucopyranose residues, and generally produced by enzymes from 
certain strains [9]. It is non-toxic and offers high water solubility, biocompatibility, and biodegradability. The 
strong interactions between dextran and SDS were observed [10] and it was driven by the interaction between 
the bile acid moiety and the surfactant [11]. Therefore their combination can be suitable for the preparation 
of hydrogel with domains capable to solubilize hydrophobic substances. Recently published results showed 
that the adsorption capacity of hydrogel for murexide increased with increase in contact time and initial dye 
concentration [12]. Other work confirmed the electrostatic interaction and hydrogen bonding between ibuprofen 
and dextran which had positive effect on its flowability, tableting and dissolution characteristics [13].  

In this work, the incorporation of two different dyes into hydrogels based on dextran and SDS was studied. 
The aim is to describe absorption capacity and capability to absorb dyes by the diffusion from their solutions 
into prepared hydrogel. The dyes were used for the incorporation into domains prepared in the hydrogels.  

2. MATERIALS AND METHODS 

In this work, cationized dextran was used as polyelectrolyte. Diethylaminoethyl-dextran hydrochloride (Sigma-
Aldrich, Czech Republic; DEAED) was used in one molecular weight 729 ± 3 kDa. Sodium dodecyl sulfate 
(SDS, ≥ 99.0 %) was purchased from Sigma Aldrich (Czech Republic) and used as surfactant. 
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All solutions were prepared in 0.15M NaCl solution using purified water (Purelab ELGA system). Salt solution 
was used because preliminary experiments showed that a non-zero ionic strength of the aqueous medium is 
important for obtaining gel-like materials [14]. Samples were prepared by mixing polyelectrolyte and surfactant 
stock solutions in a 1:1 volume ratio. The concentrations of initial solutions of polyelectrolyte and surfactant 
are given in Table 1.   

Table 1 Concentrations of initial solutions used to prepare hydrogels 

Sample Dextran (wt%) SDS (mM) 

D-I 4 400 

D-II 4 100 

Nile red and Atto 488 (both purchased from sigma Aldrich) were dissolved in SDS (400mM for D-I and 100mM 
for D-II) or physiological saline (0.15M NaCl). The dyes were used in ten different initial concentrations listed 
in Table 2. Hydrogels were equilibrated (24 h), separated from the liquid residue by centrifugation at 4000 rpm 
for 15 min and covered by 5 cm3 of SDS or NaCl solution with dissolved dye. The concentration decrease 
of dyes in solution was monitored by means of UV/VIS spectrometry (Hitachi U-3300). The data were used for 
the determination of dye absorption in hydrogels [15,16] distribution coefficient [16,17] and their diffusivity  
[15-18]. 

Table 2 Initial concentrations of dyes in the solutions of SDS and NaCl used for diffusion experiments 

Solution a b c d e f g h i j 

Dye (µM) 0.1 0.3 0.5 0.7 0.8 0.9 1.0 3.0 5.0 7.0 

3. RESULTS AND DISCUSSION 

In this work, two different approaches for the investigation of transport of model dyes into hydrogels were 
applied. Nile red was prepared as its solution in SDS. The used concentrations of SDS were much higher than 
its critical micellar concentration (~8 mM) [19,20]. The aggregation number of SDS can be usually found 
between 40 and 70 [20,21], therefore the dye should be completely distributed in the micelles of SDS. In 
contrast, Atto 488 was dissolved in water and therefore we assumed that it diffused in hydrogels in the form 
of simple (partially dissolved) molecules. The theoretical ratio of charges between SDS and cationized dextran 
is ~4.6 for D-I and 1.2 for D-II. We assume that a part of SDS can be exhausted for the formation of hydrogel 
networks. In the case of D-I, this part is relatively small, therefore the pore structure in hydrogel contains 
solution with SDS micelles. In contrast, the large amount of SDS is consumed for the cross-linking of hydrogel 
D-II and the content of SDS in the pores is low. If we take account of these differences in the two used 
hydrogels, we can assume the faster diffusion into hydrogel D-II. 

The examples of kinetic data are shown in Figure 1. We can see that the amount diffused into D-II hydrogels 
is higher for both used dyes. The dye content in hydrogels increased strongly mainly in first days. The rate 
of diffusion was strongly influenced by initial concentration of dye solution used as the source of diffusion 
particles. The concentration dependence is presented in detail in Figure 2. If we compare data obtained for 
Atto 488 and Nile red, we can say that the transport of Nile red into hydrogels is generally slower. Results 
published by Zhang et al. [22,23] showed that the diffusion of Atto 488 is faster also in water. The diffusion into 
hydrogels are more difficult as a result of their intrinsic structure constituted by the hydrogel network and pore 
structure. Due to various curvatures of pores, the diffusion is strongly influenced not only by the porosity 
(volume of pores) but also by tortuosity given by their shapes. Hydrogel D-I contains much more SDS than D-
II and its structure should be more cross-linked. Therefore the diffusion into the hydrogel D-I is more difficult 
and the properties of hydrogel has the strong influence.  
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Figure 1 Kinetic data obtained for Atto 488 (left) and Nile red (right) 

  

Figure 2 The amount of dyes diffused into hydrogels in the dependence on their initial concentrations: 
Atto 488 (left) and Nile red (right) 

Maiti et al. [24] determined the diffusion coefficient of Nile red in SDS micelles. Its value (1.8 × 10-10 m2/s) was 
similar to our results for the diffusion of Nile red into D-II (Table 3). The values of effective diffusion coefficients 
listed in Table 3 were obtained on the basis of mathematical model developed in our previous work [17]. This 
model was developed for the diffusion couple with phase interface. In this work, the couple is comprised by 
the hydrogel (acceptor part) and the solution of dye above hydrogel (donor part). Both parts are placed in 
cylindrical vessel. We can see that diffusion coefficients of Atto 488 in water (value published in ref. [22]) and 
the hydrogels are higher in comparison with results obtained for Nile red. The differences in results between 
both used dyes obtained for the hydrogel D-I are given mainly by two factors. The first one is the fact that Nile 
red was diffused in the form of micelles and the second one is the denser hydrogel network less accessible 
for the bigger particles. We assume that the influence of hydrogel structure can predominate in this case as 
was described above. In the case of Atto 488, other circumstance can affect the diffusion. The presence of high 
amount of SDS in the hydrogel D-I can lead to the incorporation of dye into micelles which conduced to the 
strong decrease of the diffusion coefficients. 
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Table 3 Effective diffusion coefficients of dyes in water and hydrogels 

Medium Atto 488 Nile red 

watera) 4.0 × 10-10 m2/s 3.3 × 10-10 m2/s 

D-I 1.5 × 10-10 m2/s 1.1 × 10-10 m2/s 

D-II 2.8 × 10-10 m2/s 1.5 × 10-10 m2/s 

a) published values: Atto 488 ref. [22], Nile red ref. [23] 

Results obtained for the diffusion of both dyes into the hydrogel D-II are more different. The most of SDS was 
consumed for the cross-linking and the pore structure in the hydrogel D-II should be more accessible for the 
diffusion of dyes. We assume that the diffusion of Nile red into hydrogel D-II was strongly influenced by the 
fact that Nile red was transported as the micelles in SDS. It can cause the slowdown of diffusion both in water 
[24] and in the hydrogel. The size of diffusion particles is probably the main influencing factor in the diffusion 
into the hydrogel D-II. 

The structural factor of hydrogels defined in our previous work [22] is the ratio between porosity and tortuosity. 
If no chemical reaction proceeds between hydrogel and dye the factor can be calculated as the ratio between 
diffusion coefficient of dye in hydrogel and in water. These factors are lower for Atto 488 (0.38 for the hydrogel 
D-I and 0.70 for the hydrogel D-II). In the case of Nile red, we used the diffusion coefficient publushed for Nile 
red in SDS micelles [24] for the calculation of the structure factor. The values of 0.61 (D-I) and 0.63 (D-II) were 
obtained.  

4. CONCLUSION 

The diffusion of two different dyes into the hydrogels based on the combination of cationized dextran with 
sodium dodecylsulphate as surfactant was studied. It was found that the incorporation of dyes into hydrogels 
is influenced by several factors. Nile red was used in the form of its micelles in SDS thus its transport into 
hydrogel network was more difficult. The diffusion of Atto 488 was affected by the presence of SDS into the 
pore structure in hydrogel D-I and its micelles can be formed during its transport. The diffusion coefficient 
of Atto 488 in the hydrogel D-II (which contained only small amount of SDS non-consumed for the cross-
linking) was much faster.  
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Abstract 

The aim of our work was to examine and describe ultrastructure of the agarose hydrogel and any possible 
structural concentration dependencies, and to assess the distribution and size of pores of agarose hydrogel in 
dependence on its concentration. Four concentrations were prepared (0.5 %, 1.0 %, 2.0 % and 4.0 % of dry 
weight content) and cryo-SEM and turbidimetry methods were executed on wet (original) samples in order to 
image the ultrastructure and measure the pore sizes within. 

Reasonable results were obtained for the wet samples as they were closer to their native state they are usually 
used for applications in. Cryo-SEM and turbidimetry provided comparable results of pore diameters and 
allowed to compare pore diameters dependant on the concentrations; moreover, it showed more detailed and 
realistic structure. 

Keywords: Hydrogel, agarose, cryo-SEM, freezing methods, image analysis 

1. INTRODUCTION 

Hydrogels are ubiquitous materials with three dimensional polymer network in which water is trapped due to 
its surface tension effect. Recently, there has been an increasing interest in hydrogels, since they can be used 
in a broad field of applications, e.g., human health and cosmetics (contact lenses, wound healing dressings, 
and artificial replacement tissues), drug delivery systems, bioengineering etc. 

Structure differences between prepared hydrogel concentrations and its respective pore sizes were observed 
and analysed using freezing, freeze-fracture, freeze-etching, imaging in cryogenic scanning electron 
microscope (cryo-SEM) and image analysis. Simultaneously, it was necessary to find the best way to prepare 
hydrogel samples for freezing and the most suitable freezing method. Cryo-SEM imaging was applied because 
hydrogels, as their name implies, consist a large amount of water, and aqueous samples cannot be observed 
in high vacuum that is needed to be maintained in the SEM chamber without any preceding stabilization. 

2. EXPERIMENTAL PART 

2.1. Agarose hydrogel preparation 

Agarose hydrogel was prepared and examined. Agarose is a hydrophilic [1] polysaccharide with gelling 
properties in solution that can be obtained by extraction from marine red algae. The agarose hydrogel is of high 
elasticity and comprises a thick [2] rigid [1] network of agarose chains with incorporated large water pores [2]. 
This polymer is similar to living tissue and extracellular matrix fluid, and therefore it is used for biophysical 
phenomena [1]. The agarose used within this experiment was Sigma Aldrich type II, medium EEO; CAS 
number 9012 36 6. 
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To prepare agarose hydrogel, the agarose powder was dissolved in deionized water; subsequently the mixture 
was stirred and heated for several minutes and left to cool down at the room temperature. There were four 
concentrations of this hydrogel prepared - 0.5 %, 1.0 %, 2.0 % and 4.0 %. Their density increased 
proportionally with the increase of the concentration. 

2.2. Agarose hydrogel sample preparation and freezing 

The agarose hydrogel samples were frozen by means of two freezing techniques that proved the most 
successful within preliminary testing. The techniques were: plunge freezing (technique based on immersing 
samples into a liquid cryogen [3, 4]) and high pressure freezing - HPF (hyperbaric freezing in hyperbaric device 
Leica EM HPM100 - the specimen “sandwiched” between two carriers is jet-freezed with liquid nitrogen under 
the pressure raised of 2100 bar, thus, ice crystal nucleation is limited [4]). The agarose hydrogel dries out 
when exposed to the air, which results in concomitant ultrastructure alterations, so there had to be fresh 
samples prepared prior each freezing process. Moreover, samples have to be frozen in very thin layers and 
very small volumes, otherwise they would not be frozen evenly - it would take too long for the deeper areas to 
get frozen and the ultrastructure would be damaged by the growth of ice crystals. The agarose solution density, 
however, increases rapidly at thin layers and small volumes at the room temperature (this process is called 
gelatinization), which makes the sample preparation more difficult. 

For plunge freezing, small metal tubes filled with each concentration of the hydrogel were held in forceps and 
swiftly immersed in liquid nitrogen before the gelatinization took place. As for the HPF, the first attempt was to 
cut off slices using a scalpel and a special puncher. Due to their consistency, hydrogels are not easy to be 
sliced and the slices were too thick, however. In the end, it was decided to change the strategy completely and 
work with the mixture before it lost heat and thickened. From several alternative application methods that were 
tested, dropping a small amount of hot agarose hydrogel directly on the carrier by means of a pipette and 
covering it with a microscope slide until it thickened was chosen. The rapid density increase in small volumes 
had to be averted by quick manipulation with the pipette. 

After having been frozen, freeze-fracture (scratching the surface superficially by a sharp blade at high vacuum 
and low temperature [3]) and freeze-etching (letting the surface ice sublime under the vacuum [3]) procedures 
were performed on all samples. 

2.3. Agarose hydrogel imaging 

All the frozen samples were imaged in the cryo-SEM FEI Magellan 400L at the temperature of -120 °C, then 
three steps of freeze-etching succeeded: the first and second steps meant to increase the temperature to  
-100 °C, and after it stabilized, decrease it back to -120 °C. Within the third step, the temperature was risen to 
-100 °C and lowered back to -120 °C after 15 minutes. Images were taken before the freeze-etching and after 
each step respectively. 

The plunge frozen samples showed unwanted ice crystal growth effects altering the structure (e.g. enlarging 
the pores) - they are shown in the Figure 1. The most significant alterations are marked with red arrows - 
a) before and b) after the first step of freeze etching. 

The Figure 2 shows differences between the agarose hydrogel of the same concentration frozen using the 
plunging technique and the high pressure freezing a) and b) before the freeze etching, c) and  
d) after the third step of the etching. Again, structure alterations and enlarged perturbed pores can be seen in 
the plunge frozen samples images. The structure of high pressure frozen samples stays unaltered and 
undamaged, so the images could undergo further analysis as follows. 
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Figure 1 Unwanted structure alterations caused by ice crystal growth prior to the freeze etching (a, b) and 
after the first step of freeze etching (c, d) marked with red arrows 

 

Figure 2 The comparison of agarose hydrogel of the same concentration frozen using the plunging 
technique (a, c) and the high pressure freezing (b, d), imaged before the freeze etching (a, b) and after the 

third step of the etching (c, d) 
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2.4. Image processing and analysis 

Basically, the images obtained by the optimized cryo-SEM technique serve as a visual illustration of the 
qualitative characteristics of internal structure of the studied gel networks. Nevertheless, they can also be 
further processed in order to gain some quantitative structural parameters. For this purpose, we have applied 
two approaches of the image processing that are implemented in open-source scientific image processing 
toolbox ImageJ and that are proposed for the analysis of porous structures. Both analytical approaches were 
performed on the similar square sections (512×512 pixels) of the images recorded at the same level 
of magnification (see the first column in Figure 3). Before the very analysis, the processed images need to be 
converted from a grayscale to black & white projections with an effort to display only the uppermost layer of the 
3D network structure. For this conversion, the image sections were thresholded using MaxEntropy algorithm. 
Subsequently, the actual analysis of the internal structure proceeded. 

Firstly, the Particle analysis tool (an automatic particle segmentation algorithm implemented in ImageJ) was 
used to identify individual pores of the gel network. The outlines of the detected pores are shown in the third 
column in Figure 3. As a numerical result of this analysis, every pore which is detected in the structure is 
described by its area and perimeter. Wherever it is necessary to take care of the pores which are displayed in 
the binary picture touching one another, the Watershed algorithm can be used prior to the Particle analysis. 
This algorithm uses a density profile to determine if one object with a peninsula should actually be two objects. 
If it determines that they should, it will draw a line to separate them. From the Particle analysis, distribution 
of pore areas and perimeters is obtained and processed into statistical parameters, e.g. average or mean 
values. 

Skeleton analysis represents another image processing technique, applicable in the morphological analysis 
of porous materials. In this technique, the network structure displayed in the analyzed image is skeletonized, 
i.e. replaced by the line skeleton using a topology-maintaining medial axis thinning algorithm (skeletonized 
representations of the analyzed images is shown in the second column in Figure 3). Using the Skeleton 
analysis tool, branches and junctions of such a skeleton are then classified, counted and measured. As an 
example of a quantitative parameter, useful in description of the porosity of the analyzed structure, average 
branch length is provided among the results of the Skeleton analysis. 

Comparison of the quantitative results of the two image-analysis approaches is shown in Figure 4. For both 
methods, average value of a linear parameter which represents the pore size is provided as a function 
of concentration of agarose in the gel. In the case of Particle analysis, the average size of the pore was 
calculated from the average pore area (using the simplified assumption of the circular cross-section of the 
pores); from the Skeleton analysis, average branch length was used for the same purpose. It can be seen that 
results of both methods are in good agreement. Nevertheless, we propose the Skeleton analysis as a more 
suitable method because, unlike the Particle analysis approach, it does not suffer from the improper 
assumption of the circular pore shape.  

Finally, the results of image analysis of cryo-SEM images were compared to the indirect pore size estimation 
by means of turbidimetry according to Aymard et al. [2]. In this approach, it is assumed that the pore size in 
agarose gels corresponds well with the correlation length, calculated from the wavelength dependence of the 
turbidity in spectral region of 800-900 nm. As can be seen in Figure 4, the absolute values of the correlation 
lengths as determined by turbidimetry are significantly lower (although of the same order of magnitude) than 
the linear parameters resulting from the cryo-SEM image analyses. Nevertheless, the decreasing trends of the 
correlation length with the agarose concentration is comparable with the concentration dependence if the 
cryo-SEM results. 
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Figure 3 Image processing of the cryo-SEM images of various agarose gels. Sections of the micrographs 
which were subjected to further processing and analysis (left). Mask representation of the same sections 

processed for the Skeleton analysis (middle) and Particle analysis (right) in ImageJ. 
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Figure 4 Linear parameters representing the average pore size of the agarose gels 

3. CONCLUSION 

Four concentrations of agarose hydrogel were prepared in order to observe and examine its structure and any 
concentration-dependant differences, as well as to perform image analysis. The samples were frozen by 
means of plunge-freezing and HPF. As for the plunge freezing, the hydrogel was filled into small metal tubes. 
For the HPF freezing, various sample preparation methods were tested because of rapid thickening of small 
volumes of the agarose hydrogel at the room temperature. From these preparation methods, only the direct 
application on the carrier was suitable for all the concentrations. All the frozen samples were then freeze 
fractured, freeze etched and imaged in the cryo-SEM. The plunge freezing technique proved insufficient, 
because ice crystal growth caused unwanted structure alterations and damage. HPF frozen samples showed 
no or minimum contamination, damage or alterations, so the structures of all four concentrations could be 
examined and compared. The cryo-SEM imaging provided a network like structures revealed by the 
progressive freeze etching. The agarose hydrogel of the lowest concentration was the most “airy” with the 
sparsest network and largest pores. The final output of this method, however, does not need to be mere image 
illustrating the structure - quantitative parameters can also be obtained, which was verified applying two 
approaches - particle analysis and skeleton analysis. 
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Abstract 

The presented work was focused on the study of interactions of azo dyes (model diffusion probes) with cationic 
biopolymer chitosan. The interactions were realized via diffusion processes in hydrogel media based on 
thermoreversible agarose. The main aim was study of influence of solution pH on the diffusion process. 
Interactions of used dyes are based on electrostatic character. The amino group of chitosan interacts with the 
functional group of chosen anionic dyes (sulfonic group) and thus affects the process of diffusion. Organic 
anionic dyes Chicago Sky Blue 6B (C.I. 24 410), Sirius Red (C.I. 35 780) and Reactive Blue 49 (C.I. 621 526) 
were chosen for this experiment. Used diffusion technique was based on monitoring of the time progression 
of diffusion profile by UV-VIS spectrophotometry. The presented work follows the previous experiments and 
shows comprehensive view of the reactivity of chitosan and its behavior in different systems. Unsteady 
diffusion in cuvettes appears to be universal method for the study of reactivity of biopolymers and for the study 
of transport processes in hydrogel media. 

Keywords: Diffusion, chitosan, hydrogel, agarose, organic dye, reactivity of biopolymers 

1. INTRODUCTION 

Each life organism is composed by a lot of complex macromolecules which are widely called biopolymers. 
There are compounds, such as proteins, nucleic acids or polysaccharides which are responsible for functioning 
of the organism. All these compounds are commonly used in industrial application, especially in 
pharmaceutical industry. One of the important biopolymers which is often used in pharmaceuticals applications 
is a linear polysaccharide chitosan. From a chemical point of view is chitosan partially deacetylated N-acetyl 
glucosamine and commercially is produced by deacetylation of chitin, which is the second most widespread 
polysaccharide. Different types of chitosan are distinguished especially by degree of deacetylation and length 
of chain, respectively molecular weight [1]. In the nature is chitosan most commonly occurs in the mixture with 
chitin. Due to its biodegradability and biocompatibility is chitosan significant material for use in many 
pharmaceutical applications. It also corresponds with high number of patents and articles focused on chitosan 
published in the last years [2]. 

Chitosan is a cationic biopolymer due to presence of amino groups which can be protonated in solutions. The 
presented experiment is based on reactivity of chitosan, especially its amino groups whose reactivity was 
studied by a simple diffusion technique called unsteady diffusion in cuvettes. The main aim of this work was 
study of influence of solution pH on diffusion process into hydrogel matrix. Used diffusion technique was based 
on periodic monitoring of the time progression of diffusion profile used model probes (azo dyes) by UV-VIS 
spectrophotometry. Interactions of azo dyes with chitosan were based on electrostatic character because 
amino group of chitosan interacted with sulfonic group of chosen azo dyes and thus affected the diffusion 
process. The observed parameter was effective diffusion coefficient. 
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2. EXPERIMENTAL PART 

2.1. Materials 

Agarose (≤ 10 % w/w humidity), chitosan (75-85 % degrees of deacetylation), 95 % w/w acetic acid, sodium 
hydroxide and used azo dyes Chicago Sky Blue 6B (C.I. 24 410), Sirius Red (C.I. 35 780) and Reactive Blue 49 
(C.I. 621 526) were purchased from Sigma-Aldrich®, structures of dyes are shown in the figures below 
(Figure 1-3). Buffer solutions with different pH were prepared using: disodium hydrogen phosphate dihydrate, 
sodium dihydrogen phosphate and citric acid which were purchased from Penta®. These chemicals were used 
for preparation of buffer solutions with pH = 3, pH = 7 and pH = 11. Each of used organic dyes was dissolved 
in buffers. Final concentrations of organic dyes in buffers were different for each type of dye (Chicago Sky Blue 
6B c = 0.01 g/dm3, Sirius Red c = 0.04 g/dm3 and Reactive Blue 49 c = 0.10 g/dm3). Solution of chitosan was 
prepared by dissolving 0.001 g of chitosan in 50 ml 5 % w/w acetic acid and stirred for 24 hours. Then pH 
of solution was adjusted using sodium hydroxide to pH value pH = 7 and diluted by distilled water to volume 
100 ml. Prior to diffusion experiments calibration curves of all dyes in agarose gel for each value of pH were 
measured. Hydrogels for diffusion experiments contained the same concentrations of agarose (1.0 % w/w) but 
different concentrations of chitosan in hydrogel matrix (0 % w/w and 0.001 % w/w). Diffusion experiments were 
realized in plastics UV-VIS cuvettes (PMMA, 10 x 10 x 45 mm) so this PMMA cuvettes were filled by hydrogel 
solutions prepared by heating. Cooling of the agarose solutions at room temperature led to the hydrogel 
formation and then were cuvettes placed for 72 hours at room temperature into glass diffusion container 
including 250 ml of dye buffer solution. 

 

Figure 1 Structure of dye Chicago Sky Blue 6B C.I. 24 410 [3] 

 
Figure 2 Structure of dye Sirius Red C.I. 35 780 [4] 

 

Figure 3 Structure of dye Reactive Blue 49 C.I. 621 526 [5] 
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2.2. Methods 

PMMA cuvettes with hydrogel were measured by UV-VIS spectrophotometer at time interval 24, 48 and 72 
hours. Vertically adjustable holder for cuvettes was made for this purpose which allowed to measure cuvettes 
at different distances from the interface hydrogel-solution. This procedure allowed to obtain complex UV-VIS 
spectra in different distances of cuvettes. All cuvettes placed in dye buffer solution (pH = 3, pH = 7 and  
pH = 11) were measured by this UV-VIS technique (Figure 4, Figure 5) and concentration profiles in each 
cuvette were obtained by using calibration curves. 

 
Figure 4 UV-VIS spectra correspond to different distances from interface hydrogel-solution in cuvette placed 

in dye Sirius Red after 72 hours 

 
Figure 5 Cuvettes with hydrogel placed in dye buffers of Sirius Red after 72 hours at different pH (from left 

6 cuvettes contained hydrogel with chitosan concentration 0.001 % w/w, the rest of hydrogel cuvettes without 
any addition of chitosan) 

2.3. Results and discussion 

The most important parameter which corresponds to diffusion process and its speed into hydrogel matrix is 
effective diffusion coefficient. This parameter was calculated for each cuvette. By evaluation of experimental 
data was found that pH of solution significantly affects speed of diffusion process in cuvettes with addition 
of chitosan. 

As was already mention in the previous chapter chitosan is a cationic polymer due to presence of amino 
groups. Amino group of chitosan is protonated in solution and thus interacts with anionic sulfonic group of used 
dyes. These electrostatic interactions between opposite charged functional groups affect speed of penetration 
of dyes to the hydrogel matrix. Amino group of chitosan has a pKa = 6.5. In alkaline solutions is small number 
of amino groups protonated so only few groups interacts with sulfonic groups of azo dyes. Otherwise acidic 
solutions lead to formation of −NH?�SO1Z respective =NH�SO1Z complexes which affect diffusion process via 
electrostatic interactions of used dyes [6]. Figure 6 below shows influence of decreasing pH value of solutions 
on effective diffusion coefficient for cuvettes with chitosan addition. Hydrogel cuvettes containing just 1 % w/w 
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agarose gel did not show any influence of diffusion on different pH of solution. Organic azo dye Sirius red 
showed the most intensive interactions with chitosan in comparison with other used dyes (Chicago Sky Blue 
6B and Reactive Blue 49). 

 
Figure 6 The influence of pH value of solution on effective diffusion coefficient 

The obtained spectrophotometric data were evaluated using Origin 8 software. The baseline of each sample 
was corrected using preset function. Effective diffusion coefficients were obtained by fitting of experimental 
data to theoretic model based on Fick's laws. Mathematical model corresponds to: 

teffD

x
cc

4
erfc0 ⋅= , 

where c is concentration of diffuse compound, c0 is a concentration of compound in the phase interface, x is 
diffusion length, D diffusion coefficient of used compound, t is time of diffusion and erfc is an error function [7]. 
Fitting of theoretical model was performed by the smallest square method using Solver function in MS Excel. 
The table below (Table 1) shows summary of results for effective diffusion coefficients and concentrations 
of dyes in solution-hydrogel interface for all tested dyes. 

Table 1 Effective diffusion coefficients for hydrogels with chitosan (0.001 % w/w) and without chitosan  
  depending pH of solution 

pH of solution Deff∙1010 [m2 s−1] 

Chicago Sky Blue 6B 0.01 g/dm3 

 0.000 % w/w chitosan 0.001 % w/w chitosan 

3 1.51 ± 0.05 0.63 ± 0.08 

7 1.55 ± 0.07 1.00 ± 0.05 

11 1.54 ± 0.10 1.40 ± 0.13 

Sirius Red 0.04 g/dm3 

 0.000 % w/w chitosan 0.001 % w/w chitosan 

3 2.05 ± 0.12 0.38 ± 0.03 

7 2.04 ± 0.10 0.74 ± 0.04 

11 2.00 ± 0.12 2.01 ± 0.20 

Reactive Blue 49 0.10 g/dm3 

 0.000 % w/w chitosan 0.001 % w/w chitosan 

3 2.98 ± 0.09 2.38 ± 0.13 

7 2.90 ± 0.13 2.52 ± 0.05 

11 3.02 ± 0.07 2.67 ± 0.08 
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3. CONCLUSION 

Reactivity of biopolymers can be tested and measured by many experimental techniques. This study is focused 
on diffusion method Unsteady diffusion in cuvettes which seems to be a simple tool for reactivity testing 
of many compounds. This experiment follows the previous experiments which were focused on testing 
of different conditions, such as temperature or ionic strength and their influence on diffusion speed in hydrogel 
matrix with biopolymers. It helps to better understand to chitosan and other biopolymers and their behavior in 
different systems. The study of biopolymers using diffusion techniques has a lot of advantages, such as cheap 
or simplicity. But this technique is still relatively “new” and should be further tested and optimized. High amount 
of water in hydrogel matrix can simulate conditions suitable for use in e.g. pharmacy. The obtained results will 
be compared with other diffusion techniques (sorption experiments, diffusion in diaphragm cell…) in the 
future [8]. 
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Abstract 

Surface-enhanced Raman spectroscopy (SERS), stemming from the gigantic light energy focusing near the 
plasmon-active surface, provides the possibility to reveal the presence of targeted analytes under extremely 
dilute conditions. At present, SERS sensors have been making significant progress regarding practical 
applications in the analytical and bioanalytical fields. The main delaying factors in SERS development are 
related to the poor signal reproducibility. Proposed work is aimed at the achievement of highly-reproducible 
SERS results. The high sensitivity of SERS has been achieved through the immobilization of sharp-edges 
bimetallic specific nanoparticles - gold/platinum nanourchins (Au@PtNPs), on the gold grating surface, through 
the 1,4-benzendithiol (BDT) or 4-sulfobenzenediazonium tosylate (ADT-SH). Gold grating, able to support the 
surface plasmon polariton (SPP) excitation and propagation, was created on the polymer substrate using the 
excimer laser modification with further metal deposition. Bimetallic nanoparticles, able to efficiently excite the 
localized surface plasmons (LSPs), were synthesized using the wet chemical approach. Immobilization 
of Au@PtNPs on the gold grating allows to achieve SPP-LSP coupling and significantly SERS enhancement, 
with the maintaining of signal reproducibility, provided by the periodical surface. More detailed experiments 
show that in the case of ADT-SH, the better Au@PtNPs grafting density and SERS enhancement factor were 
achieved. Moreover, the produced structure allows SERS measurements with a portable Raman 
spectrophotometer. 

Keywords: Multibranched nanoparticles, gold gratings, coupling, plamonics, SERS 

1. INTRODUCTION 

Surface-enhanced Raman spectroscopy (SERS) is a way to significantly increase the weak naturally weak 
Raman signal. Recently significant advancements in the field of SERS substrate design and preparation were 
reported [1-4]. However, despite the many methods, proposed to realize the uniform SERS response the 
construction and realization of large area, homogenious substrate is complicated. Among the common 
techniques, aimed to solve this challenge through achieving of the uniform distribution of plasmon hot spots, 
the self-assembling can be mentioned [5]. Alternatively, the significant SERS enhancement can be realized 
through the utilization of nanostructures with the high number of so-called hot-spots [6-8], for example 
nanoparticles with urchin-like symmetry [9]. The immobilization or growth of gold nanoparticles with shape 
edges on the different substrates was proposed to combine both mentioned above approaches: creation of hot 
spots homogenious distribution and high SERS enhancement factor [10]. 

In this work the immobilization of gold urchin-like particles on the patterned gold grating surface was proposed 
and studied. The immobilization of gold nanourchins was performed on the metal surface, using the thiol 
chemistry for monolayer formation [11-12]. The high SERS response has been achieved through the 
immobilization of specific nanoparticles Au@PtNPs on the gold grating surface, through BDT or ADT-SH [13]. 
Prepared structures were checked using the UV-Vis, AFM, and Raman spectroscopy techniques. 
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2. EXPERIMENTAL SECTION 

2.1. Materials 

Chloroauric acid tetrahydrate (HAuCl4·4H2O, 99.9 %), silver nitrate (AgNO3, 99.0 %), chloroplatinic acid 

hydrate (H2PtCl6·xH2O, 99.0 %), ascorbic acid (AA, 99.0 %) and 1,4-benzendithiol (BDT, 99.0 %) were 
purchased from Sigma-Aldrich. 4-sulfobenzenediazonium tosylate (ADT-SH) were prepared according to the 
described procedure [4]. 

All chemical reagents were used as received without further purification. Deionized water was used throughout 
the experiments. 

2.2. Preparation of Au@Pt Multibranched NPs 

Au@Pt Multibranched NPs (Au@PtNPs) were synthesized by known procedure [11]. 100 μL of 10 mM 

aqueous HAuCl4 solution was mixed with 3 mL of deionized water, and then 6 μL of 10 mM aqueous AgNO3 
solution was added under magnetic stirring for 30 s. After the solutions had been thoroughly mixed, 2 μL of 100 
mM ascorbic acid was “quickly” added, and the solution was stirred vigorously for 10 s at room temperature 
(RT). When reducing agent was added the color of the mixture changed immediately from yellow to dark blue, 
indicating the formation of gold multibranched NPs (AuMs). Then the AuMs were dispersed in 3 mL of water 
and were purified by centrifugation at 5000 rpm for 10 min. 

For further use the resultant precipitates were re-dissolved in 3 mL of deionized water. Then the 15 μL of 10 

mM aqueous H2PtCl6 solution was mixed with 3 mL of prepared AuMs. After the solutions had been thoroughly 
mixed, 10 μL of 100 mM AA was “quickly” added and stirred for 30 s at room temperature (RT). The color 
of the prepared mixture changed from dark blue to grey, indicating the formation of Au@PtNPs. Then the 
Au@PtNPs were dispersed in 3 mL of water and were purified by centrifugation at 5000 rpm for 20 min. For 
further use the resultant precipitates were re-dissolved in 3 mL of deionized water. 

2.3. Preparation of Au grating 

Polymer films (Solution of epoxy resin - photoresist, Su-8, purchased from Microchem) were spin-coated (1000 
rpm) from a solution onto freshly cleaned glass substrates (supplied by Glassbel Ltd, CR) during 10 min. The 
prepared samples were dried under 50 °C for 24 h and irradiated by UV-source for 30 min. After UV-irradiating 
samples were dried under 90 °C for 2 h. 

Then the flat polymer surface was patterned by KrF excimer laser by known procedure [11]. As a result, the 
periodic surface structures were created on the Su-8 surface. 

Gold was then deposited onto a patterned surface by vacuum sputtering (gold thickness 50 nm, DC Ar plasma, 
gas purity of 99.995 %, gas pressure of 4 Pa, discharge power of 7.5 W provided by Safina, Czech Republic). 

2.4. Samples grafting with Au@Pt NPs 

Freshly prepared samples of Au gratings were inserted into methanol solution of BDT (10-6 mol·L-1) and water 

solution of ADT-SH (10-6 mol·L-1) for 24 h. After incubation modified samples were washed with methanol and 
distilled water. Then prepared samples immersed into solutions of Au@PtNPs for 24 h. 

Finally, the samples were cleaned in the ultrasonic bath (in distilled water) and dried under N2 flow. 

Procedures of sampel preparation is illustrated in Figure 1. 
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Figure 1 Schematic representation of the LSP-SPP coupled system preparation: (A) - preparation of 
Au@PtNPs; (B) - preparation of gold grating and grafting of ADT-SH and BDT linkers; (C) - grafting 

of Au@PtNPs through the ADT-SH and BDT linkers 

3. RESULTS AND DISCUSSION 

3.1. Characterization of solid films 

3.1.1. Transmission electron microscopy (TEM) 

TEM images of nanoparticles were obtained on JEOL JEM-1010 instrument operated at 80 kV (JEOL Ltd., 
Japan). This technique confirms the presence of shape edges in the AuMs structures, which is responsible for 
efficient photon-plasmon conversion and allows achieving huge SERS enhancement (Figure 3a). After 
deposition of Pt layer the AuMs conserve their shape (Figure 3b), providing the possibility for efficient SERS 
detection [14]. 

 

Figure 2 TEM images of (a) - AuMs; (b) - Au@PtNPs 
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3.1.2. X-ray photoelectron spectroscopy (XPS) 

Concentration of elements on the surface of prepared samples was studied by X-ray photoelectron 
spectroscopy (XPS). Results are summarised in the Table 1. As expected, after thiol grafting the surface 
of samples contained elements typical for thiol grafting (sulfur), and elements of grafting Au@PtNPs (gold and 
platinum). 

Table 1 Concentration of elements studied by XPS 

Sample Element concentration (At. %) 

      

 C (1s) O (1s) S (2p) Au (4f) Pt (4f) 

Su-8/Au 56.1 24.5 - - - 

Su-8/Au/ADT-SH 65.9 18.1 5.9 - - 

Su-8/Au/ADT-SH/Au@PtNPs 66.9 16.1 3.3 2.3 2.0 

Su-8/Au/BDT 65.8 18.5 6.2 - - 

Su-8/Au/BDT/Au@PtNPs 67.1 16.3 4.3 1.9 1.5 

3.1.3. Atomic force microscopy (AFM) 

For characterization of the sample surface before and after surface AuMs immobilization, the peak force AFM 

technique was used. Surface mapping was performed with Icon (Bruker) set-up on 3×3 µm2 samples area. In 
particular, Figure 3 shows the different stage of the AuMs immobilization through the ADT-SH and BDT linkers. 
Figure 3(a) represents the grating structure before the samples immersing in the solution of Au@PtNPs. 
Figure 3(b) shows the surface morphology after the nanoparticles immobilizatio through the BDT spacer 
molecules (also during the 24 hours of entrapping procedure). Finally, Figure 3(c) shows the results 
of Au@PtNPs grafting after the 24 hours of sample immersing in the solution of ADT-SH, followed by the 
Au@PtNPs. As is evident, the entrapping of Au@PtNPs occurs, but the grating surface is not fully covered. 
The grating structure is fully screened by the attached Au@PtNPs, which indicate the complete covering 
of pristine surface during the reaction time. 

 
Figure 3 Surface morphology measured on the: (a) - patterned polymer surface covered by gold layer; (b) - 
patterned polymer surface covered by silver layer with grafted Au@Pt NPs after sample immersing in BDT 
solution during the 24 hours; (c) - patterned polymer surface covered by gold layer with grafted Au@Pt NPs 

after sample immersing in ADT-SH solution during the 24 hours 
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3.1.4. SERS 

Raman scattering was measured on Nicolet Almega XR spectrometer (Laser power 30 mW) Raman 
spectrometers with 780 nm excitation wavelengths. Spectra were measured 10 times, each of them with 30 s 
accumulation time. As analytical standart the Rhodamine 6G was used (supplied from SigmaAldrich, dissolved 

in methanol (10-11 mol·L-1 solution) and added by dropping solution onto samples surface before SERS 
measurement). 

 
Figure 4 SERS spectra from the samples consisiting of gold gratings grafted through ADT-SH and BDT 

linkers with Au@PtNPs and additionally covered with R6G molecules 

In the SERS experiments, the Au@PtNPs were grafted to the surface of silver gratings through ADT-SH and 
BDT linkers. Raman excitation was performed using 780 nm. It must be noted that in proposed system two 
molecules, able to give significant SERS response are presented: the BDT (or ADT-SH) and R6G. As is evident 
from the Figure 4 the apparent SERS responses were observed from both molecules. But in the case of SERS 
excitation with 780 nm, the R6G peaks disappear (or becomes insignificant), and the BDT or ADT-SH response 
is dominant. This fact indicates that the plasmon intensity is distributed differently: when the excitation 
wavelength is closed to the plasmon maximum of the both kind of metal nanostructure the plasmon energy is 
focused in the gap between the Au@PtNPs and gold grating. In the case of ADT-SH, the better Au@PtNPs 
grafting density and high SERS enhancement factor were achieved. This approach implements the light 
focussing at the nanometer scale between the gold surface and grafted gold nanourchins. 

4. CONCLUSION 

The plasmonically coupled SERS substrates were prepared by the creation of gold grating (supported the SPP 
excitation) followed by the grafting of Au@PtNPs to the gold surface. Prepared structures were checked using 
the AFM and Raman spectroscopy techniques. Plasmon coupling and SPP-LSP interplay allows to achieve 
high SERS enhancement, compare to the array of Au@PtNPs, deposited in the dielectric environment or on 
the metal films. More detailed experiments show that in the case of ADT-SH, the better Au@PtNPs grafting 
density and high SERS enhancement factor were achieved. Moreover, the produced structure allows SERS 
measurements with a portable Raman spectrophotometer. From the viewpoint of sensitivity and reproducibility 
prepared SERS substrates to have key advantages for the various analytical applications. 
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Abstract 

A sensitive detection of microorganisms plays an important role in prevention and identification of infectious 
and deadly diseases. However, conventional methods of bacterial detection are time-consuming, laborious or 
expensive. A promising way to overcome these problems is offered by the strategy of molecularly imprinted 
polymers (MIPs), which uses molecular templates to create selective binding sites in cross-linked polymer 
layers. By this approach, it is possible to prepare materials tailored for recognition of target analyte taking to 
account the detection method available. In this work, the novel sensitive method for Staphylococcus aureus 
isolation and detection was investigated. This method utilized the non-covalent molecular imprinting technique 
employing dopamine as a functional monomer. A layer of molecularly imprinted polymer was created on a 
surface of magnetic particles (MPs). MPs were chosen due to the ability to pre-concentrate bacteria from large 
sample volumes and thereby allow for the extremely sensitive detection.  

Keywords: Molecularly imprinted polymers, bacteria, dopamine, fluorescence 

1. INTRODUCTION 

Bacteria belong to a large group of unicellular ubiquitous microorganisms. Due to of their ubiquity, size, and 
fast growth rates, bacteria rank to the most commonly encountered biological contaminants. Their presence 
must be monitored and controlled because they can cause serious public health problems [1]. Nowadays, the 
most common tools for bacterial detection are culture and colony counting methods, polymerase chain 
reaction, and immunology-based methods as enzyme-linked immunosorbent assay (ELISA) [2]. Unfortunately, 
these conventional microorganism identification methods have several disadvantages. Counting methods are 
time-consuming and methods as ELISA use antibodies that are expensive and have low stability [3]. Therefore, 
there is an effort to develop some alternative method of bacterial detection. 

This work is concentrated to detection of bacteria by molecularly imprinted polymers (MIPs). Technique 
of molecular imprinting uses a template (in this case bacteria) to create selective binding sites in cross-linked 
polymer [4]. MIPs have a range of advantages, in comparison to other bio-macromolecules as antibody or 
enzyme, which include high chemical and physical stability, low production costs and possibility of preparation 
the complementary binding sites for variety types of molecules/particles [5]. Due to of these features, MIPs are 
ideal choice for a large number of biochemical applications. 

For preparation of MIPs in this work, a non-covalent imprinting approach was used. Dopamine (DA) was 
chosen as a functional monomer because it undergoes an oxidative polymerization under alkaline conditions 
[6]. Other advantages of using DA are the fact that it is eco-friendly and contains a lot of functional groups that 
enable the interaction with imprinted bacteria [7]. Layer of molecularly imprinted polymer was prepared on the 
surface of magnetic particles (MPs). MPs were used because they can be employed for isolation of the analyte 
from large sample volumes due to high magnetic sensitivity [8]. Gram-positive facultative anaerobic bacterium 
Staphylococcus aureus (S. aureus) was chosen as a template. These bacteria cause range of serious 
infections and therefore, they are a critical threat to public health [9]. Scheme of preparation of S. aureus 
selective MPs is shown in Figure 1. 
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Figure 1 Scheme of preparation of S. aureus selective MIPs. The templates (bacteria) were mixed with 

magnetic particles and functional monomer (dopamine). After polymerization, the templates were removed. 
Prepared MIPs were used for isolation of analytes (bacteria) from sample. Bound bacteria were stained by 
fluorescent dye (SYTO 9) and determined by fluorescence microscopy/capillary electrophoresis with laser-

inducted fluorescence detection 

2. MATERIALS AND METHODS 

2.1. Materials 

Dopamine hydrochloride, Trizma base, sodium dodecyl sulfate and acetic acid were purchased from Sigma-
Aldrich (St. Louis, MO, USA) in ACS purity. Dynabeads MyOne Silane, tetraborate decahydrate and SYTO 9 
were obtained from Thermo Fisher Scientific (Waltham, MA, USA). 

2.2. Preparation of bacteria 

The bacterial strains of S. aureus NCTC 8511 and Enterococcus faecalis ATCC 11700 (Czech Collection 
of Microorganisms, Brno, Czech Republic) were cultivated in Muller-Hinton broth (MHB; Oxoid, Hampshire, 
UK) overnight at 37 °C and 150 rpm. The concentrations of bacterial solutions were determined by optical 
density at 600 nm and using the MHB the cultures were adjusted to a concentration of 1 × 106 CFU⋅ml−1. The 
cells were centrifuged at 8000 rpm for 10 min at ambient temperature and the supernatant was discarded. The 
cells were re-suspended in the same volume of 20 mM TRIS pH 8.5. 

2.3. Preparation of magnetic molecularly imprinted polymers (MPs-MIPs) 

The MPs-MIPs were prepared according the method reported by Yang and co-workers with slight modification 
[10]. Briefly, 50 µl of Fe3O4 nanoparticles (40 mg/ml) were washed three times by 200 µl of 20 mM TRIS 
(pH 8.5). Subsequently, 600 µl of S. aureus (1 × 106 CFU/ml) suspended in 20 mM TRIS (pH 8.5) was added 
to the washed MPs. To prepare non-imprinted polymers (NIPs) that are used as control, 600 µl of 20 mM TRIS 
(pH 8.5) was added to the washed MPs. The mixtures were mechanically stirred for 2 hours until the MPs were 
well suspended. Then, 100 µl of dopamine (17.5 mg/ml) suspended in 20 mM TRIS (pH 8.5) was added and 
the reaction continued over night at laboratory temperature. Next, the product was collected with an external 
magnetic field and the template was washed out three times by 200 µl of solution containing mixture of 5 % 
acetic acid and 1 % SDS and once by 200 µl of MilliQ water. 

2.4. Binding ability of the imprinted materials 

200 µl of S. aureus (1 × 106-1 × 102 CFU⋅ml−1) suspended in 20 mM TRIS (pH 8.5) was added to the MPs-
MIPs and mixture was shook for 1 hour. Then, the unbound bacteria were removed and MPs-MIPs were 
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washed by 200 µl of MilliQ water. 18 µl of sample (MP-MIPs with bound analyte or MPs-NIPs) was mixed with 
2 µl of 5 mM SYTO 9 (dissolved in DMSO) and the mixture reacted for 10 minutes. Next, the mixture was 
analyzed by capillary electrophoresis with laser-induced fluorescence detection (ex. 488 nm, em. 530 nm) or 
by fluorescence microscopy (ex. 545 nm, em. 610 nm, dichroic mirror 600 nm). 

2.5. Detection of binding analytes 

Capillary electrophoresis 

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, 20 mM borate buffer pH 9 was used as an electrolyte. Prior to the analysis, the capillary 
was washed for 60 s by the separation electrolyte.  

Fluorescent microscopy 

An Olympus IX71 inverted fluorescence microscope was used for imaging of MIPs/NIPs. The used objective 
was LUCPLFLN 20 X PH. Total magnification was 200×. Detector of emitted light was Hamamatsu CCD 
ORCA-HR (C4742-95-12HR) with pixels of 1600 × 1200 was used and exposure time was 4 s. Applied filter 
was TX Red (ex. 545 nm, em. 610 nm, dichroic mirror 600 nm).  

3. RESULTS AND DISCUSSION 

3.1. Binding properties of the imprinted materials 

To assess the binding properties of created MIPs, the binding experiments were carried out. The binding 
experiments were accomplished with various initial concentrations of S. aureus, ranging from 1 × 106 to 
1 × 102 CFU⋅ml−1 and the binding capacities of MIPs against NIPs were compared. Acquired data is shown in 
Figure 2. It was found that the adsorption of bacteria on the surface of MIPs rapidly increased with growing 
bacterial concentration. On the other hand, the use of higher concentration caused increased binding 
of analyte on surface of NIPs. NIPs are prepared under same conditions as MIPs. However, NIPs are prepared 
without presence of the template. NIPs were used as an indicator of non-specific binding. The functional 
groups in NIPs are randomly organized on the surface and can interact with analyte causing a non-specific 
interaction. Non-specific interactions are weaker than specific interaction caused by selective binding sites in 
MIPs created by imprinting of the template molecule. Therefore, NIPs are able to bind lower amount of analyte. 

 

Figure 2 Adsorption isotherm of prepared magnetic MIPs and NIPs selective for S. aureus 
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The binding properties of prepared MPs-MIPs/NIPs were evaluated by two different methods. First of them 
was fluorescence microscopy. The images of MIPs/NIPs are shown in Figure 3 A, B. These images were 
subsequently evaluated using the BRUKER Molecular Imaging software. From the quantification of the 
fluorescence images follows that bacterial capture on NIP surface is only 8 % of the capture on imprinted MIP 
surface.  

The second method used was the capillary electrophoresis with laser-induced fluorescence (CE-LIF) 
(Figure 3 C). The MP-MIPs with fluorescently labelled bacteria were directly injected into the capillary and the 
signal of MIPs as well as NIPs was evaluated based on the electrophoretic peak height. As it was found, the 
detection using CE-LIF is more sensitive in comparison with fluorescence microscopy. 

 

Figure 3 Micrographs of MPs-MIPs (A) and MPs-NIPs (B) with bacteria S. aureus (1 × 106 CFU⋅ml−1) stained 
by fluorescent dye SYTO 9; Electropherograms of MPs-MIPs/NIPs (C) 

4. CONCLUSION 

In this work, a new alternative method of bacterial detection based on molecular imprinting was developed. 
The MIPs selective for gram positive bacteria S. aureus were prepared on the surface of MPs. Technique 
of non-covalent molecular imprinting was used in preparation process. Dopamine was used as a functional 
monomer. Experiment focused on adsorption efficiency of created polymers was carried out. The prepared 
imprinted polymers exhibited great binding properties under the optimal conditions. Detection of isolated 
bacteria was performed by fluorescence microscopy and capillary electrophoresis with laser-induced 
fluorescence detection. These two methods were compared. It was observed that CE-LIF was more sensitive 
than fluorescence microscopy. By CE-LIF, we were able to detect very low bacterial concentration 
(1 × 102 CFU⋅ml−1). Moreover, developed method is very simple, specific, low-cost and eco-friendly. The 
presented technique enables fast and easy bacterial detection and could find potential in food industry. 
Therefore, future work will be focused on isolation of bacteria from real sample (e.g. milk). 
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Abstract 

Phytoestrogens are assumed to play an important role in the prevention of tumor or heart disease, and 
osteoporosis. Soy food is the most significant source of these compounds present as acetylglucosides, 
malonylglucosides and/or methyl ethers. The most commonly used methods for phytoestrogen determination 
include chromatographic or electrophoretic separation techniques.  

In this work, the benefits of coupling of capillary electrophoresis with molecularly imprinted polymers for 
analysis of phytoestrogens are shown. Polydopamin imprinted layer formed on the surface of magnetic 
particles enables efficient extraction/isolation of model compounds (genistein and biochanin A) from milk 
sample and subsequent microcolumn separation with absorbance detection enables to distinguish 
nonspecifically bound interferents.  

Keywords: Molecularly imprinted polymers, genistein, biochanin A, micellar electrokinetic chromatography 

1. INTRODUCTION  

Molecularly imprinted polymers (MIPs) are stable polymers with molecular recognition abilities, provided by 
the presence of a template during their synthesis and are excellent materials with high selectivity for sample 
preparation in bioanalytical methods [1]. The use of MIPs has received much attention, not only due to high 
selectivity, but also for other advantages, such as the low cost of synthesis (compared to antibodies), high 
mechanical and chemical stability. Thus, MIPs have promising applications in recognition of amino acids and 
protein [2], important molecules in food [3], pesticides [4], drugs, folic acid and others substances. In more 
recent applications, magnetic molecularly imprinted polymers (Mag-MIPs) have been used for the recognition 
of antibiotics in food and environmental samples [2].  

Dopamine (DA), (3, 4-dihydroxyphenyl) ethylamine, is considered an important neurotransmitter and 
significant member ofcatecholamine family. It plays many valuable roles in the functioning of the central 
nervous system (CNS), hormonal, and renal systems [5]. In addition to biologically significant properties, 
dopamine also has properties suitable for use in MIPs such as easy polymerization, ability of sorption on 
almost all inorganic and organic surfaces including superhydrophobic, etc. [6]. 

Phytoestrogens (PE) and their derivatives have received special attention due to their high concentrations in 
food, especially in vegetables and soy products. Some of the leading phytoestrogens for cancer treatment or 
prevention are genistein, coumestrol and glyceollin. Studies imply that countries with high consumption of soy 
products have a lower incidence of breast cancer in women, this suggests that phytoestrogen intake plays a 
substantial role in the susceptibility to this cancer type [7]. Soy PE intake may reduce the risk of cardiovascular 
disease and others chronic diseases such as osteoporosis [8]. Major classes of phytoestrogens include 
flavonoids, isoflavonoids, lignans and stilbenoids [9]. 

Selected phytoestrogens, genistein and biochanin A, belong to the group isoflavonoids. In plants, isoflavones 
are present in a biologically inactive form as glucoside conjugates. In the intestine, by the action of intestinal 
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bacteria, they are hydrolyzed to active forms named aglycones. Taking into account their structural similarity 
to the natural endogenous hormone 17-estradiol, isoflavones demonstrate the ability of binding to estrogen 
receptors and consequently the low estrogenic activity. Genistein and biochanin A are considered to be 
important constituents of animal and human food, as they have a serious influence on human health [10]. 
Biochanin A and genistein possess anticancer, antioxidant and antiosteoporosis effect [11].  

2. MATERIALS AND METHODS 

2.1. Chemicals 

Dopamine hydrochloride, Trizma® base, phytoestrogen standards (genistein and biochanin A), Sodium 
dodecyl sulfate and acetic acid were obtained from Sigma-Aldrich (St. Louis, MO, USA) in ACS purity. Sodium 
tetraborate decahydrate and magnetic particles Dynabeads™ MyOne™ Silane were purchased from Thermo 
Fisher Scientific (Waltham, MA, USA). Ethanol and methyl alcohol were obtained from Penta (Prague, CZ). 

2.2. Capillary Electrophoresis (CE) 

Quantification of phytoestrogens, genistein and biochanin A, was performed by CE instrument 7100 (Agilent 
Technologies, Germany) with absorbance detection at wavelength of 254 nm. Fused silica capillary with an 
internal diameter of 75 µm, with the total length of 64.5 cm and an effective length of 56 cm was used. 
The sample was introduced hydrodynamically by 35 mbar for 3 s and a separation voltage of 12 kV was 
applied. A background electrolyte (BGE) was composed of 30 mM sodium borate buffer, 20 mM sodium 
dodecyl sulfate (SDS) containing 5 % (v/v) ethanol at pH 9.6. Prior to the analysis, the capillary was washed 
for 60 seconds using BGE. 

2.3. Preparation of Mag-MIPs 

Mag-MIPs (Figure 1) were prepared from magnetic particles (50 μL), which ware first washed by water 
(200 μL) for three times. For preparation of MIPs, 400 μL of genistein (1 mg/ml) and 200 μL of 20 Mm TRIS 
(pH 10) were added. For preparation of non-imprinted polymers (NIPs), 400 μL of 80 % ethyl alcohol and 200 
μL of 20 Mm TRIS (pH 10) were added. The mixture was stirred for 1 hour at temperature 45 °C. 100 μL 
of dopamine (17.5 mg/mL) was added. The mixture was stirred overnight. Then supernatant was removed, 
MIP/NIP were washed by methanol (200 μL) for three times. 

 
Figure 1 Scheme of preparation of Mag-MIPs 

2.4. Sample Preparation 

After mag-MIPs/NIPs washing by methanol, genistein (200 μL) was added to mag-MIPs/NIPs at concentrations 
of 0.125, 0.6, 0.3, 0.015 and 0.0075 mg/ml. Next, biochanin A (0.125 mg/ml), cow milk, milk spiked with 
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genistein (0.125 mg/mL) and soya milk were used as samples. The mixture was stirred for 2 hours at 
temperature 45 °C. After supernatant removal, mag-MIPs/NIPs were washed with methanol (200 μL) and 
samples were analyzed by CE.  

3. RESULTS AND DISSCUSION 

3.1. Detection of phytoestrogens by CE 

Genistein extracted from the sample by mag-MIPs was released from the surface by methanol and analyzed 
by CE with absorbance detection at 254 nm. Standard solution of genistein was added to mag-MIP/NIP at 
different concentration and a calibration curve was constructed for quantification (Figure 2). The difference in 
signal obtained by mag-MIP and mag-NIP demonstrates that MIP surface is able to recognize the target 
(template) [12]. Linear dependence in genistein concentration was observed exhibiting the coefficient 
of determination R2 = 0.9329. 

 

Figure 2 Calibration curve of genistein. CE analysis: BGE - 30 mM sodium borate buffer, 20 mM SDS, 5 % 
(v/v) ethanol, pH 9.6; detection - 254 nm; hydrodynamic injection - 35 mbar for 3 s; separation voltage 

- 12 kV 

3.2. Real sample analysis 

Determination of PEs in real samples is an important goal and therefore, cow milk and soya milk were used 
as model real samples to test the suggested method. At first, the cow milk was analyzed by CE (pink trace) to 
demonstrate that not only a number of proteins are present but, also the signal of genistein is very low (marked 
by asterix). Therefore, the sample preparation using mag-MIPs lead to significant improvement (orange trace) 
and to identify the genistein signal, the milk sample was spiked by genistein standard solution (blue trace). For 
comparison, crude soya milk (green trace) was analyzed as well as the soya milk sample purified by mag-
MIPs (purple trace).  The concentration of PEs (daidzein, glycitein, daidzin etc.) in soya milk is significantly 
higher compared to cow milk [13] and therefore no spiking was necessary.  
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Figure 3 CE real samples (cow and soya milk) purified by mag-MIP. BGE - 30 mM sodium borate buffer, 
20 mM SDS, 5 % (v/v) ethanol, pH 9.6; detection - 254 nm; hydrodynamic injection - 35 mbar for 3 s; 

separation voltage - 12 kV 

4. CONCLUSION 

In this work, sample purification method using a combination of MIP technology and magnetic particles was 
developed followed by capillary electrophoretic analysis. Mainly, benefits of simple preparation 
of polydopamine MIPs combined with effectivity of magnetic particle-based analyte extraction are 
demonstrated as well as powerful CE-UV/Vis detection. Successful determination of PEs in real samples as 
cow and soya milk was demonstrated. For comparison, soya milk contains the higher concentration of PEs 
than cow milk [13]. At first, CE analysis of milk samples was carried out and presence of numerous proteins is 
evident in electropherograms, however the signal of genistein is very low. The treatment of sample using 
mag-MIPs caused an increase in the genistein signal.  
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Abstract  

PDMS microchambers and microchannels were evaluated in many studies of the specific in vitro cultivation. 
Modern microtopographical methods bring new possibilities how to prepare transparent planar blocks with 
isotropic lamellas. On the other hand, the planar nanofiber sheets are another type of modern culture 
substrate. Neonatal myocytes and the cardiac muscle cell lineage HL-1 were used for tests of the cell 
adherence, cell survival and cell orientation on pure or modified polydimethylsiloxane (PDMS) or 
polycaprolactone (PCL). PDMS with fibronectin coating was shown to be the material with the best cell 
adherence, viability and isotropic cell orientation from all tested variants. 

Keywords: Nanofibers, microlithographical methods, in vitro models, tissue engineering, cardiomyocytes 

1. INTRODUCTION  

The transplantation of cardiomyocytes in the form of a “cell suspension“ did not lead to good results in previous 
animal experiments. To develop successful cardiovascular tissue regeneration methods and also to develop 
an in vitro model mimicking the real cardiac tissue, the preparation of large-scale planar compact cell sheets 
are needed. The new technologies should be introduced to improve the preparation of the myocardial tissue 
in vitro and to cultivate the typical myocardial structure with an isotropic orientation of cells and with numerous 
intercellular connections.  

The previous experiments on cardiomyocytes carried out over the last 20 years have shown that the 
microstructure and coating of surfaces of in vitro chambers are the key factors which can control the cellular 
adherence, cellular orientation and cellular connection, and enhance the long-term confluency and maturation 
of cardiomyocytes. For example, PDMS is a non-toxic material, which was used in many in vitro systems as a 
planar surface, mostly for endothelial cells. Its surface microstructure can be modified to obtain a model 
mimicking the basal structure of extracellular scaffolds in the real tissue in vivo. On the other hand, the PCL 
prepared by the electrospinning method is another versatile way how to produce a biocompatible material 
simulating the structure of the extracellular matrix in vivo [1, 2]. The purpose of the work presented here was 
to provide a quantitave comparison of these substrates and their different coatings in terms of the cardiac cell 
adhesion and survival.  
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2. METHODS  

2.1. Fabrication of microtopographical plates 

Creating of PDMS layer needs some solid polymer material as a master substrate. After several tests, silicon 
(prepared from 6333097 nanopowder - Sigma Aldrich) was chosen as the best master substrate. All steps 
of the fabrication are illustrated in Figure 1. Silicon was deposited from hexamethyldisilazane (HMDS) vapours 
in N2 gas at 100 °C for 60 s (for silicon substrate hydrophobicity to increase the photoresist adhesion). 
Photoresist S1813 (DOW Electronic) was spin-coated on silicon at 1800 RPM for 60 s (final creation of 3 μm 
thick layer of the photoresist). The phototresist was heated at 115 °C for 60 s. The pattern was exposed to 
direct writing by DWL at a power of 4.8 mW. The lines obtained were 3 μm wide and distanced 10 μm one 
from another (or two alternative variants with distanced 4 μm and 30 μm). The photoresist was developed in 
AZ 726MIF (AZ Electronic Materials USA Corp.). The master silicon with the patterned photoresist was rinsed 
in DI water and dried under N2 gas. The master was coated by HMDS vapours in N2 gas at 100 °C, again. 
PDMS was prepared by a mixture of silicone elastomer and a silicone elastomer curing agent (Dow Corning 
Europe S.A.). PDMS elastomers were well mixed and degassed in a vacuum chamber to remove bubbles, 
poured on HMDS-treated master and cured at 80 °C for 90 min.  The PDMS substrate was then peeled off 
and cut to the shape desired. The final PDMS substrates had lamellas 3 μm tall and 3 μm wide, separated by 
4, 10 or 20 μm (Figure 2). The final PDMS culture plates had geometrical size of one well in a standard 24-
well plate. Each variant of the PDMS plate (variants 3 μm - 4 μm, 3 μm - 10 μm, 3 μm - 20 μm) was also 
prepared in a subvariant with additional fibronectin coating (F1141, Sigma-Aldrich) or collagen coating 
(Collagen I Rat, Invitrogen). 

 

Figure 1 Fabrication process of PDMS substrate with lamellas, (A) silicon substrate coated by S1813 and 
exposed to laser, (B) development of photoresist, (C) pouring PDMS on master, (D) peeling off PDMS 

 

Figure 2 Final shape of PDMS surface prepared for our testing of cell cultivation.  

2.2.  Fabrication of nanofibers sheets 

PCL (Mn = 80 kDa, Sigma-Aldrich) were dissolved in the HFIP for 24 hrs at room temperature and sonicated. 
The aligned PCL nanofiber yarns were prepared by an enhanced wet−dry electrospinning process - fiber 
forming technology based on drawing a submicron fiber from a solution or melt. A collection electrode was 
used for depositing the prepared fibers and preparation of parallel fiber structure with a significant isotropicity 
nature. Electron microscopy images (by Hitachi SU6600) revealed the structure, where a significant amount 
of parallel fibres are parallel with one main direction (Figure 3). The final nanofiber sheets were adjusted to 
the size of one well in a standard 24-well plate.   
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Figure 3 SEM image for control of significant isotropic structure of fibers orientation (scale bar = 1 μm) and 
illustrative image of isotropy of nanofibers from light microscope (scale bar = 10 μm) 

The nanofibers planar plate was also prepared in a subvariant with an additional incubation in the fibronectin 
solution (F1141, Sigma-Aldrich) or collagen solution (Collagen I Rat, Invitrogen) for 2 hours at 37°C. 

2.3.  Neonatal myocardial cell preparation and test of culture plates 

Neonatal rat cardiomyocytes were isolated from Wistar neonatal rats aged 2-5 days. Hearts were removed 
and washed in a salt solution containing 20 mM HEPES, 120 mM NaCl, 1 mM NaH2PO4, 5.5 mM glucose, 5.4 
mM KCl, and 0.8 mM MgSO4 (pH 7.3-7.4). Cardiomyocytes were isolated by the collagenase  digestion, after 
which the cells were resuspended in a medium containing Iscove’s modified Dulbecco’s medium (IMDM) 
(Sigma-Aldrich) and Medium 199 (Sigma-Aldrich) (4:1) supplemented with horse serum (10 %) and fetal calf 
serum (5 %). The separation of non-myocardial cells (heart fibroblasts) and selecting the non-adhesive cells 
(cardiomyocytes) were done in accordance with protocol presented in [3].  

Cardiomyocytes were resupended in the culture medium IMDM and transferred (in form of 100 μL drops) to 
all types of culture PDMS and PCL plates, which were prepared as described above (Chapters 1.1. and 1.2). 
Cells were seeded at density 5 × 104 cells/cm2. The cells were incubated under 21 % O2 and 5 % CO2 at 37 °C. 
The cultivation medium was removed after 48 hrs and replaced by a medium containing IMDM and Medium 
199 (4:1) with penicillin. The ratio of the adhered cell and non-adhered cells was quantified using Leica Dmi8 
(20 field of view from each sample). The viability of the cells was quantified by using a Calcein viability kit 
(Biotium Ltd.) and Leica TCS SP8X. Statistical 

2.4.  HL-1 caridac cell preparation and test of culture plates 

HL-1 cells were obtained from Sigma-Aldrich in cryoconserved form. The cells were defrosted, washed and 
cultivated on a plastic petri dish with fibronectin coating in accordance with the manufacturer´s instruction. After 
3 passages, the cells were washed and resuspendend in Claycomb medium (JRH Biosciences) supplemented 
with 10 % fetal bovine serum (Sigma/Aldrich) and 2 mM L-glutamine (Invitrogen).   

HL-1 cells were transferred (by 100-uL drops) to all types of culture microplates, which were prepared as 
described above (Chapters 1.1. and 1.2).  The drops were counted to provide a density 5 × 104 cells/cm2. The 
cells were incubated under 21 % O2 and 5 % CO2 at 37 °C. The cultivation medium was removed after 48 hrs 
and replaced by fresh DMEM medium with 5 % FBS (Sigma-Aldrich). The ratio of adhering / non-adhering 
cells was counted by using Leica Dmi8 or Leica TCS SP8X. The viability and function of the cells were 
quantified by using a Calcein viability kit (Biotium Ltd.) 

2.5.  Cell orientation and average isotropy index 

The cell cultures on different substrates were recorded by Leica TCS SP8X (fluorescence mode 500/520 nm) 
and all images of 200 randomly selected cells in each culture was used for the calculation of the “average 
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isotropy index“ (AII). This index was computed by Matlab utility (mathematical methods described on example 
in Figure 4).   

 

Figure 4 Description of software methods for calculating average isotropy index (AII) for certain set of three 
cells. Red line (direction 0°) highlights the basal direction of lamellas or main direction of sets of nanofibers. 

3. RESULTS 

The image of all PDMS substrates displayed a high ratio of adherent cells 24 hrs after seeding. Their viability 
was higher than 90 % in all variants. The detailed statistical analysis of the effectivity of the cell adherence and 
AII is summarized in Table 1. The most effective adherence and production of an isotropic cell culture was 
found in substrates “3-10 + fibronectin coating” and “3 μm - 10 μm + collagen coating”. For iIlustrative image 
of two types of cells in different subvariants of PDMS with coating see Figures 5 and 6. 

 
Figure 5 Neonatal myocyte adhesion and orientation on PDMS plate; (A) Direction of lamellas, (B) myocytes 

on PDMS (variant 3-10) with fibronectin coating (left: wide field microphoto, right: microphoto with marks 
of main axis of cells), (C) myocytes on collagen (variant 3-10) 

 
Figure 6 HL-1 myocyte adhesion and orientation on PDMS plate; (A) Direction of lamellas, (B) myocytes on 

PDMS (variant 3-10) with fibronectin coating (left: wide field microphoto, right: microphoto with marks of main 
axis of cells), (C) myocytes on control PDMS plate (plate without lamellas - anisotropic orientation of cells) 
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Table 1 Quantification of cell adhesion and cell isotropic orientation on different PDMS microstructures.  
    Average from 3 independent cell samples.  

Profile of plates 

(lamellas, their distance, their coating) 

 

HL-1 cells Neonatal myocytes 

Cell adherence 
(%) 

AII 
(rel. unit) 

Cell adherence 
(%) 

AII 
(rel. unit) 

Triangle basis 3 µm Distance 4 µm 35 ± 5 0.36 12 ± 4 0.52 

Triangle basis 3 µm Distance 10 µm 44 ± 8 0.24 18 ± 5 0.33 

Triangle basis 3 µm Distance 20 µm 21 ± 6 0.44 14 ± 5 0.43 

Triangle basis 3 µm Distance 4 µm + fibronectin 59 ± 16 0.19 36 ± 8 0.16 

Triangle basis 3 µm Distance 10 µm + fibronectin 74 ± 15 0.17 38 ± 15 0.14 

Triangle basis 3 µm Distance 20 µm + fibronectin 62 ± 20 0.28 37 ± 11 0.24 

Triangle basis 3 µm Distance 4 µm + collagen 42 ± 16 0.34 52 ± 8 0.35 

Triangle basis 3 µm Distance 10 µm + collagen 40 ± 12 0.31 67 ± 21 0.23 

Triangle basis 3 µm Distance 20 µm + collagen 39 ± 11 0.48 59 ± 18 0.38 

The microscopic image of all nanofiber substrates displayed a very low ratio of adherent cells 24 hrs after 
seeding. Their viability was higher than 90 % in all variants. A detailed statistical analysis of effectivity of cell 
adherence and AII index is summarized in Table 2.  

Table 2 Quantification of cell adhesion and cell isotropic orientation on different nanofibers   

 

Subvariant of 
nanofibers 

 

HL-1 cells Neonatal myocytes 

Cell adherence 
(%) 

AII 
(rel. unit) 

Cell adherence 
(%) 

AII 
(rel. unit) 

Unmodified 5 ± 2 0.45 2 ± 1 0.52 

Fibronectin add. 14 ± 8 0.19 8 ± 3 0.34 

Collagen add. 8 ± 1 0.33 4 ± 3 0.29 

4. CONCLUSION 

The results show that developing of ideal substrates, which would cause the 100 % adhesion and 100 % 
isotropy of cardiomyocytes after seeding, is still a big challenge. PDMS with fibronectin or collagen coating 
exerted a significantly higher ratio of adherent cardiomyocytes (both HL-1 and neonatal cells) after seeding, 
higher than pure PDMS and higher than PCL nanofiber structures. Cardiac cells used in our experiments had 
a very low adherence to the PCL system compared to data in some recent communications [4,5], where 
another cells (stem cells or fibroblasts) were tested on similar PCL fibers.  Geometrical variants of PDMS 
lamellas show a significant impact on the isotropy of final cultures of cardiomyocytes, the best variant for 
effective unification of cell direction in cultures being variant “3-10 + fibronectin” (triangle basis 3 µm, distance 
20 µm, fibronectin coating). The positive results will be used for next additional optimising of surfaces created 
from PDMS and PCL nanofibers in our lab and could accelerate the development of new devices for 
cardiovascular medicine in near future.  
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Abstract  

In this work, silica dioxide nanofibers (SiNFs) were prepared by sol-gel method followed by electrospinning to 
be further functionalized by silanization. To improve the chemical modification, plasma treatment of various 
parameters was applied and the effect on the surface properties before and after plasma activation was 
studied. The increase of the amine groups accessible on the surface after the combined physico-chemical 
modification, together with the improved hydrophilicity of the so-modified inorganic nanomats, were 
demonstrated. Finally, the optimal parameters of the SiNFs plasma activation have been applied and their 
biocompatibility, as well as the time stability of the physical modification, have been proven. 

Keywords: Silica dioxide nanofibers, silanization, plasma treatment 

1. INTRODUCTION  

Due to their unique physical and chemical properties, especially biocompatibility with low imunogenicity and eventual 
biodegradability, silica dioxide nanostructures are promising candidates for biomedical applications such as 
treatment of infection associated surgery [1], tissue engineering [2], or pharmaceutical drug-delivery vehicles [3], 
[4]. Over the past 10 years, research studies have focused on silica nanofibers (SiNFs) which may be an excellent 
material for regenerative medicine, especially for wound healing [5], [6]. The potential in biomedicine is often 
conditioned by a certain surface modification of a carrier material. Different methods to modify surface of the 
nanofibers for biological application are known. They can be of physical (e.g. plasma or UV modification), chemical 
(via chemical agents), mechanical or biological character and they can significantly influence wettability, 
functionality, stability and compatibility towards living cells. Concerning drug carrier applications, reactive surface 
groups are especially needed for attachment of bioactive molecules. When reinforcing them into nanofibrous 
matrices, not only dispersion, but also strong covalent attachment to the matrix is required [7]. Primary amine groups 
are widely used to enhance binding potential of the material, silanization being one of the well-known method for 
their chemical incorporation [8], [9]. At the same time, SiNFs are known for their hydrophobicity diminishing the 
efficiency of their secondary chemical treatment. In paralel, plasma treatment is a technique applied not only in 
the industrial fields [10] but also in the biomedical research to increase the hydrophilicity of materials [11]. The 
advantage of this process is also that it may enhance cell adhesion and biocompatibility of the material [12] while 
not affecting its properties due to low depth of ion penetration [13].  

In order to improve the efficiency of previously applied simple silanization of SiNFs, we realized the combination 
of both types of modifications, plasma as the physical and silanization as the chemical one. Different parameters 
of such treatment were tested (time for plasma modification using different atmospheres) as well as its impact on 
the morphology of the nanomaterial studied. We also proved no changes in biocompatibility of silylated SiNFs that 
had been plasma treated before. Finally, time stability of plasma pre-treatment was studied. 
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2. MATERIALS AND METHODS 

2.1. Chemicals 

Fluorescein isothiocyanate (FITC, fluorescent label), tetraethyl orthosilicate (TEOS, silica fibers precursor), (3-
aminopropyl)triethoxysilane (APTES, the coupling agent) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). The remaining chemicals, all of analytical reagent grade, were supplied by Penta (Prague, Czech 
Republic). Nitrogen gas was provided by Linde Gas, a.s., Czech Republic. 

2.2. Preparation of nanofibers 

The silica nano-fibrous sheets of surface density of 470 g/m2 were electrospun under stable conditions, at 
22°C (air-conditioned space) using the NanoSpider device (NS 1WS500U, Elmarco Ltd.).   The distance 
between an electrode and a collector was 175 mm. Spinning solution was prepared by sol-gel method using 
TEOS as a precursor, voltage of 70kV was applied. Finally, electro-spun sheets were thermally treated (180°C) 
to ensure their prolonged stability. 

2.3. Physical modification - Plasma treatment 

In order to physically modify the surface, plasma treatment with various parameters was used in this study. 
Three types of discharge were tested: the Gliding Arc (GA) with 25sccm of air in nozzle and 50mm/s speed 
of treatment (SurfaceTreat a.s.), the corona discharge (KO) with 800W power generator and 16.7mm/s  speed 
of treatment (CXi, TUL), and the low pressure microwave plasma (MW) with radiofrequency of 2.45 GHz and 
working pressure of 100 Pa (CXi, TUL). The treatment time was 1, 2 or 5 minutes. Besides the air or nitrogen 
gas was applied as a working atmosphere. 

2.4.  Chemical modification - Silanisation 

Silica nanofi-brous mats (pristine or plasma modified) were cut into 5 x 5 cm sheets and immersed into 3 % 
(v/v) APTES solution containing 4 % of water in ethanol (v/v). The pH was adjusted to 5.3 using acetic acid. 
After 2-hour silanization of nanofibers at a laboratory temperature under continual shaking, the samples were 
washed by the solution containing 4 % water in ethanol (v/v). Finally, the nanofibers were dried at 
110°C/30min. Control samples were prepared evenly but immersed in the mixture water/ethanol (4/96) with 
pH 5.3 only, without APTES.  

2.5. Quantification of amine groups 

Quantification of primary amine groups was realised according to the work [14] with some modifications. At 
first, the 3.2 mM stock solution of FITC in ethanol was prepared. Subsequently, silica nanofibers were 
immersed into 25 fold diluted (130 µM) solution of FITC and incubated in dark overnight under gentle shaking. 
After removing all unreacted FITC from the nanofibers by thorough washing with ethanol, 0.2M NaOH was 
added and the samples were incubated in dark under vigorous shaking until the nanofibers fully dissolved. 
Fluorescence of prepared solution was measured at Fex: 485/20nm, Fem: 528/20nm using Multi-Mode 
Microplate Reader (BioTek Instruments, USA).   

2.6. Morphology characterization 

Scanning electron microscopy, SEM (Vega3 SB, TESCAN Ltd.), was used to analyse silica nanofibers prior 
and after the modification process. Samples were coated with 5nm Au/Pd using a sputter coater equipment 
(SC7620 Mini Sputter Coater, Quorum Technologies Ltd.). Average fiber diameters and standard deviations 
(SD) were determined from at least 50 randomly chosen measurements of SEM images using VegaTC 
software.   

2.7. Water contact angle measurement 

To study the hydrophilicity/hydrophobicity rate, the contact angle was measured at different positions on the 
samples at room temperature using a Kruss Drop Shape Analyzer DS4. A total volume of 2 ÂL of distilled water 
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was dropped on the surface of a dry membrane surface, and the average values of the contact angle were 
calculated. 

2.8. Cytotoxicity testing 

Biocompatibility of the functionalized nanofibers was evaluated in vitro by the „direct contact“ method. Human 
keratinocytes HaCaT were seeded into 24-well plate (40.000 cells) and cultivated for 48 hours in DMEM 
medium supplemented  with  stable glutamine dipeptide alanyl-glutamine  and  10 % FBS. Nanofibrous discs 
of 6 mm in a diameter were placed on the cell layer and covered with a fresh medium. After 24 hours 
of exposition, the cell viability was evaluated by MTT method. Resultant viability was expressed as a portion 
of viable cells compared to the cell control (CC). Tested samples were also compared to negative (NC) and 
positive (PC) controls and untreated silica nanofibers prior and after silanization. Plasma treated samples were 
tested 15 days after the treatment was performed. Each sample was tested in triplicate. 

3. RESULTS AND DISCUSSION 

Among the different discharges tested, microwave plasma promoted the highest level of surface activation for 
further chemical functionalization. Under the conditions tested, this type of plasma discharge allowed an 
increase of grafted primary amine groups by 22±3 % in comparison to silanization of pristine SiNFs, while the 
corona and gliding arc offered an increase only by 12±2 % and 4±1 %, respectively (Figure 1). For further 
surface pre-treatment, microwave plasma was tested with or without a specific atmosphere of nitrogen gas. 
The specific atmosphere did not provide any benefit in activating the surface for further silanization. Not even 
an increasing treatment time reaching 5 min offered any special improvement in incorporation of amines via 
the coupling agent reaction. The results of the effect of various time and atmospheres are summarized in 
Figure 2a, where an increase of primary amines is represented by percentage vis-a-vis the functional groups 
grafted on pristine SiNFs (column labeled „APTES“). The effect of microwave plasma pre-treatment on the 
silanization was similar using both atmospheres, which is why a hypothesis regarding possible functional group 
grafting provided via nitrogen gas atmosphere [15] under used conditions was rejected. The functional impact 
ranged between 46 % and 51 % increasement in both cases. Nonetheless, the smallest values were 
associated to 1-minute plasma exposure which, regarding economic aspects, were the reason to choose a 2-
minute activation procedure for further research. Herewith, based on gathered knowledge, the activation time 
did not exceed 5 minutes [16]. 

 

Figure 1 Effect of plasma treatment (with various discharge) on silanization of SiNFs: SiO2-pristine SiNFs, 
MW-microwave plasma treated, GA-Gliding Arc treated and KO-corona discharge treated SiNFs 

Stability of plasma activation on SiNFs was followed during one week. Each activated SiNFs sample was 
chemically modified after a specific time period ranging from 5 minutes to 7 days. Surface NH2 quantification 
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showed that 10 % decrease in activation occurred only within the first hours, while the plasma effect on the 
surface remained stable within the next days (Figure 2b). These results are in a good correlation with previous 
studies dealing with long-term stability of plasma-grafted functional groups [16]. The consequent morphology 
study of the samples showed that none of the surface modifications (neither via plasma, nor via silanization 
nor via combination of both) did not generate major mechanical damages on the tested substrate, only 
unchanged surface morphology was observed, no differences could be seen in means of fibre morphology 
(scanning electron micrographs are summarized on Figure 3). It can be suggested that the material crystallinity 
was largely unaffected by the applied conditions of plasma activation. The effect of plasma modification on 
hydrophilisation of the substrate was explored by measuring the water contact angle. Without treatment, the 
contact angle reached approximately 119.3°, and decreased to 27° after 1-minute plasma exposure 
(Figure 4a), and complete wetting was observed after all longer exposure times. Improved hydrophilicity is 
supposed to have a positive effect on further silanization. 

 

Figure 2 a) Effect of MW plasma treatment (with various time and/or atmosphere) on silanization of SiNFs; 
b) Temporal stability of plasma activated SiNFs via their posttreatment by silanization 

 

Figure 3 SEM analysis (magnification 10000x) - comparison of pristine SiNFs (SiO2) with the physically 
and/or chemically modified nanosheets 
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Figure 4 a) Contact angle of pristine and plasma treated SiNFs; b) Viability of the HaCaT cells obtained after 
24hours exposure to the tested samples. (CC, NC, PC- cell, negative and positive controls; bare NF control - 

untreated silica NFs; pl- plasma treated, sil - samples silanized after plasma treatment). 

Finally, all samples tested in a contact with the HaCaT cell line were proven to be biocompatible, as shown on 
Figure 4b. Viability of all the tested samples exceeded 90 % of the CC. According to these results, plasma 
treated and silanized silica nanofibers are declared cytocompatible to the Hacat cells according to the EN ISO 
10993:5. Exposure to untreated silica nanofibers (NF control) and some plasma treated and silanized samples 
led to increased viability exceeding 100 % of CC. The best results were obtained by treatment in the air 
atmosphere, where viability after the plasma treatment was 102.1±3.4 % and 101.4±3.8 % after the 
subsequent silanization.   

4. CONCLUSION 

In this study, we showed the effects of plasma treatment on a following chemical modification; silanization 
of silica nanofibers. We demonstrated that among the discharges tested, microwave plasma provided the best 
results in improvement of further chemical modification of the surface. At the same time, plasma significantly 
improved hydrophilicity of the nanofibers. Biocompatibility of silanized SiNFs was unchanged after plasma 
treatment, and time stability of the the plasma-treated nanofibrous sheets was proven as well. Plasma 
modification followed by silane coupling agent reaction is thus the most promising method for surface 
functionalization, not only for industrial polymers but also for engineered materials in biomedicine. 
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Abstract  

Plasma-polymerized organosilicon coatings have been playing an important role in many research studies due 
to their wide range of applications. These materials can be used in industry as transparent wear resistant 
layers, protective hard a-Si:C:H or SiO2-like films, corrosion protection coatings, barrier films etc. Plasma-
polymerization using organosilicon precursors has been investigated lately for development of unique thin film 
materials for bioapplications as well, including surface coating of surgical and dental implants to improve their 
biocompatibility. In the present work, low pressure RF capacitively coupled discharge was used to deposit thin 
solid films suitable for medical application from mixture of trimethylsilyl acetate (TMSA) and oxygen. Since 
resistance to liquid environment is the critical parameter that determines usability of the material for 
bioapplications, the deposited TMSA plasma polymers were exposed to water for 48 hours. The degree 
of stability varied with deposition parameters as well as other properties of organosilicon plasma polymers. 
This study summarizes changes of chemical structure and mechanical properties of resulting coatings in 
dependence on the ratio of TMSA and oxygen flow rates during the deposition process. Results of water 
stability tests included in present study proved that it is possible to prevent delamination of the coating during 
exposition to the aqueous environment by appropriate choice of discharge parameters. 

Keywords: Plasma polymers, trimethylsilyl acetate, PECVD, FTIR, microindentation, confocal microscopy,  
        ellipsometry 

1. INTRODUCTION 

Thin solid films based on organosilicon monomer prepared by PECVD technology have been investigated 
intensively for many industrial applications such as corrosion protection coatings, transparent wear resistant 
layers, protective hard and antiscratch coatings for plastics, barrier films for pharmaceutical packaging etc. [1]. 
Organosilicon plasma polymers are very perspective for medical applications as well. It is possible to create 
organosilicon thin films suitable for protection of medical implants [2,3], organosilicon antibacterial coatings 
doped by silver nanoparticles [4] or materials enhancing osseointegration for dental implants [5]. Properties 
of plasma polymers (chemical composition, mechanical properties, stability in different environments etc.) are 
directly dependent on discharge parameters. These parameters (e.g. flow rates of the monomer and carrier 
gases, gas pressure, bias voltage etc.)  can be varied to adapt resulting coatings for a particular purpose  
[1-7].  

This study deals with characterization of organosilicon coatings deposited in RF glow discharge from gaseous 
trimethylsilyl acetate (TMSA) and oxygen. The aim of present work is to obtain water-resistant coatings suitable 
for bioapplications containing C=O functional groups which are presented in TMSA itself [8]. Changes in 
mechanical and chemical properties in dependence on the ratio of TMSA and O2 flow rates were investigated 
as well as stability in water for 48 hours at 37 °C.     

2. EXPERIMENTAL DETAILS 

Organosilicon thin films were prepared in RF glow capacitively-coupled discharges at low pressures 
(20÷ 40 Pa) from mixture of TMSA (CH3CO2Si(CH3)3) and oxygen in a parallel plate reactor. The bottom 
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electrode served as the substrate holder and it was coupled to RF generator (13.56 MHz) via a blocking 
capacitor. 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 TMSA 
and O2 were changed.  Changes of the flow rates are represented by the O2 flow to TMSA flow rate ratio R.  

Properties of the prepared films were studied by several characterization methods. The chemical composition 
of the resulting coatings 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 of 8 cm-1.  
Thickness of each coating was measured using profilometer Bruker DektaXT immediately after deposition. 
Measurements of Martens hardness, elastic modulus and indentation hardness were realized using 
Fisherscope H100C microindentor. Stability of TMSA-based coatings in water for 48 hours at 37 °C was 
examined by observation of changes in surface structure using confocal laser microscope LEXT OLS4000 3D. 
The thickness loss caused by exposition to the liquid environment was determined by non-destructive 
ellipsometric method. All ellipsometric data were measured by Jobin Yvon UVISEL equipment at angle 
of incidence 65° in the spectral range from 1 eV to 5.5 eV. Thicknesses of plasma polymers were determined 
from fitting these data in program newAD by using PJDOS dispersion model [9]. Analyzed plasma polymers 
were immersed in liquid immediately after deposition. 

3. RESULTS AND DISCUSSION  

Chemical composition of TMSA plasma polymers was determined from baseline-corrected absorbance 
normalized to the thickness of the film in MIR spectral range (Figure 1) according to the available litarature 
[10-13]. Measured IR spectra (Figure 1) showed strong absorptions from 1035 cm-1 to ~1200 cm-1 in all studied 
TMSA-based thin films. These absorption peaks are related to the Si-O-C stretching vibrations in a continuous 
random network [10]. Structure of plasma polymers created using ratio of O2/TMSA flow rates R ≥ 3 is very 
similar to coatings based on siloxane chains [11-13]. Presence of Si-O-Si stretching vibrations typical for 
siloxane units [11-13] in this spectral range can not be excluded. However according to the chemical structure 
of TMSA monomer [8], Si−O−C presented in skeleton of original monomer are assumed to be predominant.  
Absorption peak at ~1265 cm-1 was identified as deformation mode of CH3 in Si−CH3 group [11,12]. Medium 
absorptions presented at lower wavenumbers (spectral range from 750 cm-1 to 950 cm-1) including peaks at 
800 cm-1, 840 cm-1 and 890 cm-1 are probably related to CH3 rocking in Si−CH3, to asymmetric stretching 
of Si−C/Si−O bond and CH3 rocking mode in Si(CH3)x=2,3 groups [11-13]. Deformation modes of Si−O−Si may 
influence absorptions at 800 cm-1 and 890 cm-1 as well [12]. Content of Si−CH3 in analyzed samples was 
confirmed by presence of absorption peaks typical for CH3 stretching modes at 2880 cm-1 and 2960 cm-1 [10-
13]. Symmetric and asymmetric stretching modes of CH2 were determined in MIR spectra as well [10-12]. 
Since values of normalized absorbance in region of wavenumbers near 1400 cm-1 related to Si−CH2−Si [11,13] 
can be considered negligible, significant amount of carbon is presumably bonded in hydrocarbon chains. 
According to the IR spectra (Figure 1), TMSA-based plasma polymers contain C=O functional groups 
characterized by absorption at 1720 cm-1 [10], however this peak has relatively low intensity in comparison 
with CHx vibrations. All investigated TMSA coatings include amount of hydrogen bonded to silicon which has 
characteristic peaks in region 2000-2450 cm-1 [10,14]. The absorption band spread in region above 3050 cm-

1 is related to OH groups [10-13]. 

Summarizing main trends observable in IR spectra, it is possible to conclude that amount of carbon bonded in 
Si-CH3 and hydrocarbon chains significantly increased with decreasing ratio of O2/TMSA flow rates R 
(increasing amount of TMSA monomer) used during deposition process. On the contrary, reaching the values 
of R ≥ 3 amount of CHx bonds rapidly decreased. Their absorptions were overlapped by spread peak of OH 
groups (Figure 1). These OH groups can be associated with silanols (other peaks at 920 cm-1 and 1190 cm-1) 
[12] and partially bonded in adsorbed water molecules (OH stretching mode at ~3400 cm-1 and weak peak 
of bending mode at 1630 cm-1) [11]. At the same time, absorptions in region from 1035 cm-1 to ~1200 cm-1 
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related to Si−O−C/Si−O−Si network became more predominant (Figure 1). Changes in spectral region 
inluding Si-H bonds were observed as well: spread absorption around 2190 cm-1 transformed into narrow peak 
at 2343 cm-1 usually presented hexamethyldisiloxane coatings [14]. 

 
Figure 1 Infrared spectra of several TMSA plasma polymers prepared using different ratio R of O2 and 

TMSA flow rates 

 
Figure 2 Mechanical properties of TMSA coatings in dependence on parameter R 
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Changes in chemical structure of deposited coatings described using IR spectroscopy had significant impact 
on mechanical properties of TMSA thin films. Trends of Martens hardness HM, elastic modulus E and 
indentation hardness HI in dependence on the parameter R are shown in Figure 2. All dependences shown 
in Figure 2 have an increasing character with increasing ratio R.  

 

Figure 3 Pictures of chosen TMSA coatings after immersion in water taken by confocal  
microscope  

The stability of TMSA-based plasma polymers in water for 48 h varied with parameter R as well as mechanical 
properties. Thin films prepared by using R > 1 were almost completely delaminated (Figure 3), while coatings 
deposited using high amount of TMSA (R < 1) were considered to be stable. Surfaces of these plasma 
polymers after immersion in water stayed smooth without defects and thickness losses determined by 
ellipsometry were at low values of ~3 %.  

4. CONCLUSION 

Properties of TMSA-based plasma polymers prepared in RF glow discharge were investigated by several 
characterization methods. Chemical structure of deposited coatings is directly linked to settings of flow rates 
of TMSA monomer and oxygen during deposition process. Changes in chemistry of plasma-polymerized 
TMSA influences mechanical properties and stability in water.  Results of water stability tests included in 
present study proved that it is possible to prevent delamination of the coating during exposition to the aqueous 
environment by appropriate choice of TMSA and O2 flow rates. Water-resistant TMSA coatings have a great 
potential for bioapplications, therefore our further research will be oriented in this direction.  

ACKNOWLEDGEMENTS   

This research has been supported by the project CZ.1.05/2.1.00/03.0086 funded by European 
Regional Development Fund and project LO1411 (NPU I) funded by MEYS of Czech Republic and by 

the project Brno Ph.D. Talent. 

REFERENCES 

 ZAJÍČKOVÁ, L., BURŠÍKOVÁ, V., KUČEROVÁ, Z., FRANCLOVÁ, J., SŤAHEL, P., PEŘINA, V., MACKOVÁ, A. 
Organosilicon thin films deposited by plasma enhanced CVD: Thermal changes of chemical structure and 
mechanical properties. Journal of Physics and Chemistry of Solids. 2007. vol. 68, no. 5-6, pp. 1255-1259 

 VOGEL, K., WESTPHAL, N., SALZ, D., THIEL, K., WITTIG, L., CIACCHI, L.C., GRUNWALD, I. Dental implants 
coated with a durable and antibacterial film. Surface Innovations. 2015. vol. 3, no. 1, pp. 27-38 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

458 

 BATORY, D., JEDRZEJCZAK, A., KACZOROWSKI, W., KOLODZIEJCZYK, L., BURNAT, B. The effect of Si 
incorporation on the corrosion resistance of a-C:H:SiOx coatings. Diamond & Related Materials. 2016. vol. 67, pp. 
1-7 

 SAULOU, C., DESPAX, B., RAYNAUD, P., ZANNA, S., SEYEUX, A., MARCUS, P., AUDINOT, J.N., MERCIER-
BONIN, M. Plasma-Mediated Nanosilver-Organosilicon Composite Films Deposited on Stainless Steel: Synthesis, 
Surface Characterization, and Evaluation of Anti-Adhesive and Anti-Microbial Properties on the Model Yeast 
Saccharomyces cerevisiae. Plasma Process. Polym. 2012. vol. 9, no. 3, pp. 324-338  

 HYAKAWA, T., YOSHINARI, M., NEMOTO, K. Characterization and protein-adsorption behavior of deposited 
organic thin film onto titanium by plasma polymerization with hexamethyldisiloxane. Biomaterials. 2004. vol. 25, 
no. 1, pp. 119-127 

 WRÓBEL, A. Aging process in plasma-polymerized organosilicon thin films. Journal of Macromolecular Science: 
Part A - Chemistry. 1985. vol. 22, no. 8, pp. 1089-1100 

 BLANCHARD, N.E., NAIK, V. V., GEUE, T., KAHLE, O., HEGEMANN, D., HEUBERGER, M. Response 
of plasma-polymerized hexamethyldisiloxane films to aqueous environments. Langmuir.  2015. vol 31, no. 47, 
pp. 12944-12953 

 BALL, I.K., HARRISON, P.G., TORR, A. FTIR study of thermally induced transformations of trimethylsilylmethyl 
acetate in the temperature range 623-813 K. Journal of Organometallic Chemistry. 2000. vol. 599, no. 2, pp. 185-
194 

 FRANTA, D., NEČAS, D., ZAJÍČKOVÁ, L.  Models of dielectric response in disordered solids. Optics Express.    
2007. vol. 15, no. 24, pp. 16230-16244 

 CECH, V., ZEMEK, J., PERINA, V. Chemistry of Plasma-Polymerized Vinyltriethoxysilane Controlled by 
Deposition Conditions. Plasma Process. Polym. 2008. vol. 5, no. 8, pp. 745-752 

 TSANKOV, D., RADEVA, E., HINRICHS, K., RÖSELER, A., KORTE, E.H. Infrared spectroscopic ellipsometry 
and atomic force microscopy study of plasma polymerized hexamethyldisiloxane layers post-treated by NH3 
plasma. Thin solid films. 2005. vol. 476, no. 1, pp. 174-180 

 CASSERLY, T.B., GLEASON K.K. Chemical Vapor Deposition of Organosilicon Thin Films from 
Methylmethoxysilanes. Plasma Process. Polym. 2005. vol. 2, no. 9, pp. 679-687 

 Borvon, G., Goullet, A., Mellhaoui, X., Charrouf, N., Granier, A. Electrical properties of low-dielectric-constant 
films prepared by PECVD in O2/CH4/HMDSO. Materials Science in Semiconductor Processing. 2003. vol 5, no. 2-
3, pp. 279-284 

 MURESAN, M.G., CHARVÁTOVÁ CAMPBELL, A., ONDRAČKA, P., BURŠÍKOVÁ, V., PEŘINA, V., POLCAR, T., 
REUTER, S., HAMMER, M.U., VALTR, M., ZAJÍČKOVÁ, L. Protective double-layer coatings prepared by plasma 
enhanced chemical vapor deposition on tool steel. Surface & Coatings Technology. 2015. vol. 272, pp. 229-238 

 
  



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

459 

PREPARATION OF ANTIBACTERIAL ELECTROSPUN SCAFFOLD FOR SKIN CELLS 
CULTURE  

1Emi GOVORCIN BAJSIC, 1Matea VECERIC,2 Emilija ZDRAVEVA, 2Budimir MIJOVIC, 
3Tamara HOLJEVAC GRGURIC, 4Massimo UJCIC, 5Mirna TOMINAC TRCIN, 6Igor SLIVAC  

1University of Zagreb, Faculty of Chemical Engineering and Technology, Zagreb, Croatia, EU  

egovor@fkit.hr 
2University of Zagreb, Faculty of Textile Technology, Zagreb, Croatia, EU, budimir.mijovic@ttf.hr 

3University of Zagreb, Faculty of Metallurgy, Sisak, Croatia, EU, tholjev@simet.hr 
4Institute of Chemical Processes Fundamentals of the Czech Academy of Science, Prague,  

Czech Republic, EU, ujcic.massimo@gmail.com 
5University Hospital Centre Sestre Milosrdnice, Tissue bank at University Department of Traumatology, 

University of Zagreb, Zagreb, Croatia, EU, mirna.tomtrcin@gmail.com 
6University of Zagreb, Faculty of Food Technology and Biotechnology, Zagreb, Croatia, EU 

islivac@pbf.hr 

Abstract 

In this work the function and application of titanium dioxide as a filler in a composite system 
polycaprolactone/titanium dioxide (PCL/TiO2) was examined. Titanium dioxide was applied by ultrasonic bath 
on already electrospun PCL fibrous scaffold treated and non-treated with NaOH. A procedure of surface 
modification of the electrospun PCL fibrous scaffold was made to enhance the interaction of the surface with 
the TiO2 particles. The surface modification was performed using NaOH for the formation of carboxyl groups 
on the fibers‘ surfaces. The water contact angle was measured by goniometer to prove the change from 
hydrophobic to hydrophilic polymer surface. SEM was used to study the morphology structure of the 
electrospun PCL fibrous scaffold before and after NaOH treatment and introduction of TiO2. The content 
of TiO2 on the electrospun PCL fibrous scaffold was determined by TGA. After NaOH treatment the surface 
of the electrospun PCL fibrous scaffolds changed from hydrophobic to hydrophilic. SEM micrographs show 
that with the sonification of 30 min homogeneous TiO2 particles distribution was obtained, while after 
sonification of 60 min, the TiO2 particles tend to agglomerate. The modification of the scaffold surface with 
NaOH enhances the adhesion of the TiO2 filler. TG analysis show that longer treatment of the electrospun PCL 
fibrous scaffolds in the ultrasonic bath gives lower thermal stability. The time of 30 minutes in the ultrasonic 
bath is optimal to provide sufficient amount of the TiO2 particles on the electrospun PCL fibrous scaffold. 

Keywords: Electrospinning, NaOH, surface modification, titanium dioxide 

1. INTRODUCTION 

The tendency of human organism, tissue and organs to get injured and the flaws of human tissue caused by 
innate defects are everyday problems that physicians encounter. Treatment usually focuses on tissue 
transplantation from one site to another in the same patient (autograft) or from one person, the donor to the 
other (alograft or transplant). Although these treatments are revolutionary and save human lives, they face 
many problems. This is why tissue engineering has been developed with the aim of repairing and regenerating 
damaged tissue by developing biological replacements that restore, maintain, or improve tissue function. 
Tissue engineering uses different natural and artificial biomaterials as 3D scaffolds where the cells previously 
taken from the patient's body are planted. 3D scaffold structure is important for imaging specific microgeometry 
of tissue. In order to obtain scaffold of the exact 3D microgeometry and topography, electrospinning technique 
is used in combination with 3D printing. First, 3D printing technique is used to obtain collector of specific 
topography, and then they are used in the electrospinning procedure for fiber collecting. Electrospinning 
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enables the production of very fine fibers of precisely specified properties. This way, certain micro-topography 
scaffolds are created which is important for linking the cells and the development of new tissue [1]. Recently, 
biodegradable fiber polymers are used as matrices for the cultivation and growth of different tissue cells. 
Specifically, mats obtained by electrospinning of poly (ε-caprolactone) (PCL) exhibit good potential as skin 
regeneration tissue carriers as they do not produce harmful degradation products such as poly (lactic acid) 
(PLA) or poly (lacto-co-glycolic acid ) (PLGA). In addition, PCL has good mechanical properties and prolonged 
degradation time [2,3]. Poly (ε-caprolactone) (PCL) is a partially crystalline aliphatic polyester with a melting 
point at 60 ° C. The low melting point makes it easier to process. PCL is hydrophobic due to the presence 
of nonpolar methylene groups. PCL is the most widely used polyester in tissue engineering. In this paper, PCL 
scaffolds were electrospun on the collector of parallel channel geometry [4]. Subsequently, TiO2 was applied 
from aqueous solution, to neat PCL scaffold and to scaffold previously treated with NaOH, using ultrasonic 
bath. The aim of this work is to investigate how pre-treatment of the surface and the time in the ultrasonic bath 
affects the adhesion of TiO2 to the electrospun PCL fibrous scaffold in order to use the material for fibroblast 
cell growth and regeneration of the skin tissue. 

2. EXPERIMENTAL 

2.1. Materials 

In this work PCL (Polycaprolactone 440744-500G) average molecular mass Mn of 70,000-90,000 g/mol by 
GPC, Mw/Mn<2, dencity 1.145 g/ml at 25oC) was supplied by Sigma-Aldrich, Germany. As solvents glacial 
acetic acid and acetone from Sigma-Aldrich, Germany were used. 

2.2. Preparation of polymer solutions 

Polymer solution of 18 % PCL with 8:2 ratio of glacial acetic acid and acetone was made. It was mixed by 
magnetic stirer at the temperature of 50 °C. 

2.3. Electrospinning procedure 

Electrospinning of PCL solutions was made on electrospinning machine, NT-ESS-300, NTSEE Co. Ltd. South 
Korea. The conditions for electrospinning were: electric voltage: 15 kV, distance from the needle end to 
collector 18 cm, speed of solution flow 1 mL/h and total time of 4 hours. Syringe is filled with 4 mL of PCL 
solution. It is then connected to the pump where flow conditions are regulated. One end of the source is 
connected to the needle and the other to the collector for the dispersion of the solution. 3D printed collector is 
set to distance of 18 cm from the syringe with the needle and the electrospinning is performed for 4 hours. 
After that time the source is unplugged and electrospun scaffold is used for further analysis.  

2.4. NaOH treatment 

Suface of samples is treated before applying TiO2 with NaOH to change the surface energy and lower down 
the contact angle with water to make hydrophillic suface of electrospun PCL fiber from originally hydrophobic 
surface. If the surface is hydrophillic it is considered that it will react better with applied polar particles 
of TiO2.The solution of NaOH was 1 N and the samples were treated in it for 1 hour then washed with distilled 
water until pH neutral. 

2.5. Application of TiO2 

TiO2 was applied on the electrospun PCL fibrous scaffold from 1 % water solution afterwards by ultrasonic 
bath device. In total 4 (2 without and 2 treated with NaOH) samples were held in the ultrasonic bath for 30 and 
60 minutes to make comparison and decide the best technique of applying the highest amount of equally 
dispersed TiO2 particles on the electrospun PCL fibrous scaffold without agglomerations.  
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2.6.  Experimental part 

Water contact angle were determined by measuring on a contact angle goniometer DataPhysics OCA 20 
Instruments GmbH by Sessile drop method. The water contact angle was measured for non-modified and PCL 
modified by NaOH. The volume of the drop was from 1.000 µL to 5.000 µL. On every sample 3 drops were 
ejected and after 20 seconds the contact angle was measured. 

For determination of the fiber’s morphology samples are scanned by electron microscope SEM QUANTA 250, 
FEI. The magnification was 50, 1000, 2000 or 3000 times on different parts of the samples. The thermal 
stability was measured by TGA analyzer Q500 from TA Instruments. Samples of about 10 mg were analyzed 
in a nitrogen atmosphere with heat speed of 10°C/min, in a temperature range from 25 °C to 600 °C. 

3.  RESULTS AND DISCUSION 

3.1.  Water contact angle measurement 

The water contact angle was measured before and after NaOH treatment. The interaction of water and the 
surface of the sample is detected from the contact angle data. Contact angle measurement plays an important 
role in a characterization of the surface of materials. It is a measurement of moisturizing the solid with the 
liquid. A drop is spilled on a solid surface and the balanced shape is awaited. Contact angle is formed from 
the forces of the periphery of a drop and a solid surface. Surface condition is determined concerning it’s 
polarity, homogeneity and roughness. Hidrophobicity of the electrospun PCL fibrous scaffold could be changed 
by NaOH treatment. To confirm the change from hydrophobic to hydrophilic water contact angle measurement 
for treated and non-treated electrospun PCL fibrous scaffold is made. It is well-known that the electrospun 
PCL fibrous scaffold has a water contact angle of around 80°. The water contact angle measurements are 
shown in Figure 1. For non-treated electrospun PCL fibrous scaffold contact angles on two different position 
of the scaffold were obtained around 90° and 125.8 ± 5.6°, which clearly show hydrophobicity (Figure 1a  
and 1b). On the other hand the electrospun PCL fibrous scaffold treated with NaOH shows extreme 
hydrophilicity with water contact angle of about 0° which proves that the surface of the PCL became polar. 
Unfortunately, it was not possible to take contact angle images of a drop for the electrospun PCL fibrous 
scaffold treated with NaOH because the material instantly soaked the drop of water. Generally, NaOH 
treatment is made to lower the polymer surface hydrophobicity and to enhance the interaction between the 
polymer and TiO2.  

 
Figure 1 Water contact angle measurements for the electrospun neat PCL scaffold on the different position 

of the scaffold before treatment with NaOH (Figures 1a and 1b) 

 

Figure 2 Sodium hydroxide treatment of PCL structure 
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NaOH hydrolyzes ester bonds of the PCL which leads to carboxyl functional group formation on the 
electrospun PCL. Carboxyl groups make the surface less hydrophobic as they lower the contact angle value. 

Because of the NaOH surface treatment the polymer becomes nano-rough which is enlarging the specific 
surface that can react with the particles of TiO2 (Figure 2) [5]. 

3.2.  Determination of morphology by scanning electron microscopy (SEM) 

Figure 3 shows the structure of the electrospun PCL fibrous scaffold before NaOH treatment and application 
of TiO2. Porous, fiber-like structure (Figure 3a) that follows geometry of the electrospinning collector  
(Figure 3b) can be seen. Except for fibers, there are also beads formations of the PCL.    
 

   

Figure 3 SEM images of the electrospun: a) PCL neat fibrous scaffolds, b) PCL neat fibrous scaffolds on the 
3D printed collector, before NaOH treatment and application of TiO2 

The electrospun PCL scaffolds consist of random oriented and intertwined fibers with specific inter pore 
structure. The surface of the fibers doesn’t have any irregularities. The fibers diameters were about 1 µm. The 
electrospun PCL fibrous scaffold will be used to grow skin cells so it is necessary to provide double porosity 
of the electrospun fiber carrier by micro pores big enough for skin cells penetration and nano pores small 
enough to enhance adhesion of the skin cell receptors, transfer of nutrients and oxygen needed for cells growth 
[6]. For antibacterial properties of the carrier, the TiO2 is added. Figure 4a shows homogeneous TiO2 particle 
distribution inside of the electrospun PCL fibrous scaffold after 30 min in the ultrasonic bath.  

  

Figure 4 SEM micrographs of the electrospun PCL fibrous scaffold with TiO2 after a) 30 min and b) 60 min 
of sonification  

After 60 minutes of sonification large quantity of TiO2 inside of the electrospun PCL fibrous scaffold was 
obtained, but the particles distribution was not uniform and the particles tend to agglomerate as seen in  
Figure 4b. The modification with NaOH changed the smoothness of the surface. The SEM micrograph in 
Figure 5 shows that the geometry of the material changed. In spite of small changes of the surface morphology 
it is evident in Figure 5a that the TiO2 particles after 30 minutes in an ultrasonic bath got integrated in large 
agglomerates. After 60 minutes, Figure 5b, agglomeration is not so noticeable as without NaOH treatment 
and distribution of the filler particles is even along the whole surface and between the pores. There is an 
indication of possible penetration of the filler particles inside of the pores of fiber. 
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Figure 5 SEM micrographs of the electrospun PCL fibrous scaffold treated with NaOH and with TiO2 after  
a) 30 min and b) 60 min of sonification 

The mapping micrographs clearly show where the TiO2 is placed inside the electrospun PCL fibrous scaffolds. 
The red color marks indicate the titan dioxide particles, thus it is proven that NaOH treatment of the polymer 
surface enhances the interactions between the polymer and the titanium dioxide (Figure 6). 
 

  

  
 

Figure 6 Mapping TiO2: a) 30 min without NaOH, b) 30 min with NaOH; c) 60 min without NaOH,  
d) 60 min with NaOH 

3.3.  Results of thermogravimetric analysis  

The effect of the TiO2 as well as the surface treatment with NaOH on the thermal stability of the electrospun 
PCL fibrous scaffold was examined by TGA. From the Table 1 we can see that the addition of TiO2 in the 
electrospun PCL fibrous scaffold enhances thermal stability of the scaffold because the initial temperature 
of degradation increased. Opposite from that, with longer time of ultrasound treatment the degradation starts 
at lower temperature which means that the time of 60 min is too long for keeping the electrospun PCL fibrous 
scaffold in the ultrasonic bath. The initial temperature of degradation is also lower for the samples treated with 
NaOH which affects negatively on the thermal stability of the fibrous scaffold. Another important parameter is 
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the percentage of the residue which is related to the weight of TiO2 implemented in the electrospun PCL fibrous 
scaffold. By surface modification with NaOH the weight of the TiO2 in the PCL fibrous scaffold increases 
significantly as it is shown in Table 1. Also the longer time of treatment enhances the percentage of TiO2.  

Table 1 TGA weight residue and start and end degradation temperatures of the PCL/TiO2 scaffolds 

Sample 
Residue at 600oC 

(mg) 
Ti 

(oC) 
Tf 

(oC) 

PCL 0 365.5 426.9 

PCL/TiO2 30 min. 0.67 384.0 452.6 

PCL/TiO2 60 min. 0.79 367.6 426.5 

PCL(NaOH)/TiO2 30 min. 0.80 372.6 432.1 

PCL(NaOH)/TiO2 60 min. 0.88 363.0 427.2 

4.  CONCLUSION 

In this work a possibility to introduce TiO2 to electrospun PCL fibrous scaffolds by ultrasonic bath method was 
examined. Further NaOH surface modification of the electrospun PCL fibrous scaffold was made to enhance 
the interaction with the TiO2 filler particles. After NaOH treatment the surface of the electrospun PCL fibrous 
scaffolds changed from hydrophobic to hydrophilic. SEM micrographs show that with the sonification of 30 min 
homogeneous TiO2 particles distribution was obtained, while after sonification of 60 min, the TiO2 particles 
tend to agglomerate. The modification of the scaffold surface with NaOH enhances the adhesion of the TiO2 
filler. TG analysis show that longer treatment of the electrospun PCL fibrous scaffolds in the ultrasonic bath 
gives lower thermal stability. The time of 30 minutes in the ultrasonic bath is optimal to provide sufficient 
amount of the TiO2 particles on the electrospun PCL fibrous scaffold. 
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Abstract  

Excellent workability of polymers brings them a considerable potential to be used as matrices for metal 
nanostructures broadly applicable in medicine. For instance, biologically active metal/polymer composites 
could be effectively prepared by biocompatible polymer coating by thin metal nanolayers. Together with the 
fact that biological properties of such prepared composites could be improved with increasing metal surface 
area, we nowadays have a great opportunities for the preparation strongly effective materials. In this study, 
we prepared Ag and Pd nanolayers (NLs) on the surface of polyethylene naphthalate by means of cathode 
sputtering. Such NLs were transformed into the form of nanoislands (NIs) by low temperature post-deposition 
annealing. Subsequently, biological properties of commonly used NLs were compared to novel ones (NIs) with 
considerably higher specific surface area. Surprisingly, increase of both surface roughness and specific 
surface area caused by NIs formation did not support improved biological response.  

Keywords: Silver, palladium, nanostructures, sputtering, annealing, biological properties  

1. INTRODUCTION 

In particular, long-term stability and excellent workability make polymers suitable matrices for nanostructure-
based composites, especially those containing metal components. The combination of polymeric materials 
with metal nanostructures often brings an advantage of excellent mechanical, optical, catalytic, electrical or 
magnetic properties, which are significantly different unlike the bulk state of material [1]. Thus, the dominating 
mechanical characteristics of polymeric matrices and antimicrobial potency of metal nanostructures may 
significantly improve such composite properties in the specific area of use. Especially silver nanostructures, 
entering 3rd decade of prosperous usage in polymeric composites, exhibit excellent electrical, optical and 
magnetic properties, of which the most promising is undoubtedly their antibacterial effect, widely used in 
medicine [2]. Composite medical devices, however, must fulfil the criteria of biocompatibility and antibacterial 
effects. Modern nanotechnology nowadays opens up new possibilities to improve these properties and 
minimizes the risk of side-effect due to the massive application of these materials [3]. 

The improvement of biological properties can be accomplished by several methods. Modification of surface 
morphology and roughness has already been referred by several studies [4-6]. The alteration of these 
parameters might significantly improve biocompatibility of material promoting cell adhesion and proliferation 
[6]. To add the antibacterial efficacy to polymeric materials, one can prepare metal nanolayers on their surface. 
Nevertheless, one can increase the antibacterially active surface area using nanoislands as default structures. 
Possible way is thermally induced transformation of nanolayers into island-like, which goes hand in hand with 
the alteration of resulting surface morphology and roughness. Thereafter, the increase of metal specific 
surface area might lead to the improved antibacterial response. The formation of island-like structures by low 
temperature annealing of nanolayers has already been described for silver [4], and palladium [5]. Thus, the 
appropriately performed surface modification enables a direct control over the biological properties 
of composite materials. 

In this work we studied the influence of the surface morphology on resulting biological properties. Metal 
nanolayers (common Ag and novel Pd) were sputtered on the surface of polyethylene naphthalate. 
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Subsequently, the samples were annealed and originally continuous layers were transformed into the form 
of nanoislands with considerably increased specific surface area. Surface properties of each sample were 
characterized by X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). Evaluation 
of biological suitability of prepared coatings was performed by their mutual antibacterial and cytotoxicity 
testing. 

2. EXPERIMENTAL 

2.1. Materials, apparatus and procedures 

Polyethylene naphthalate foil (PEN, thickness of 50 µm, Goodfellow Ltd., UK) was used as a substrate. PEN 
samples (Ø 2 cm) were deposited by metals on BAL-TEC SputterCoater SCD 050 device in the range 
of sputtering times of 10-200 s using 99.999 % pure Ag and Pd targets (Goodfellow Ltd., UK). The deposition 
parameters were: 20 °C, current of 15 mA and total Ar pressure of 5 Pa (99.99 % purity). Samples annealing 
was conducted in a Binder thermostat in air atmosphere at 250 °C for 1 h. Then the samples were cooled 
down and stored under laboratory conditions.   

2.2. Analytical methods 

Effective thickness of metal layers was determined by AFM scratch test [7] on glass substrate by AFM VEECO 
CP II device. The series of the samples of various metal thicknesses (sputtering times of 10-200 s) were 
acquired, from which 20 nm thick ones (and corresponding annealed alternatives) were chosen as 
representatives. Variations of the thickness did not exceed 5 %. 

Compositional changes induced by the deposition and annealing process were studied by XPS. The atomic 
concentrations of silver Ag(3d), palladium Pd(3d), carbon C(1s) and oxygen O(1s) were measured using 
Omicron Nanotechnology ESCAProbeP spectrometer. The electron take-off angle was set to 0° which means 
typical access depth of 8-10 atomic layers [8]. The X-ray source was monochromated at 1486.7 eV (step size 
of 0.05 eV). The spectra were evaluated by CasaXPS software. 

Surface morphology and roughness of the samples were studied on AFM VEECO CP II device working in 
tapping mode to minimize a potential damage of the sample surface. Bruker Antimony-doped Silicon probe 
CONT20A-CP attached to a flexible micro-cantilever was used near its resonant frequency of 300 kHz. The 
scans were measured at the line scanning rate of 0.5 Hz. Surface roughness, characterized by the mean 
roughness value (Ra), represents the arithmetic average of the deviation from the center plane of a sample. 

2.3. Biological assays 

Antibacterial potency of prepared coatings was investigated by drop plate method [9] using Gram-negative 
(G-) Escherichia coli (DBM 3138) and Gram-positive (G+) Staphylococcus epidermidis (DBM 3179). Tested 
and control samples (physiological solution, PS) in triplicates were immersed in 2 ml of 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 (laboratory table) and dynamic (shaking at 130 rpm) conditions 
at 24 °C 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. These experiments were accomplished under sterile conditions. 

Cytotoxicity was examined by WST-1 assay [10] using mouse embryonic fibroblasts (L929). The samples were 
sterilized by UV irradiation, inserted into 12-well plates (VWR, USA, Ø 2.14 cm), and seeded with 30,000 cells 
per well in triplicates in 1 ml of Minimum Essential Medium (MEM) supplemented with 10 % Fetal Bovine 
Serum. 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 DMEM (480 µl) 
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supplemented with 20 μl of WST-1 reagent per well. After 2 h of incubation, the medium was aliquoted into 96-
microtiter plates. Then, the absorbance was measured at 450 nm (reference 630 nm) using UV-Vis 
spectrometer BioRad. Cells cultivated on standard tissue culture polystyrene (TCPS) served as controls. 

3. RESULTS AND DISCUSSION 

3.1. Preparation and surface characterization 

Atomic concentrations of elements (at. %) were studied by XPS analysis (Table 1). Determined concentrations 
of C and O corresponded well to the PEN stoichiometry with mild distortion caused by hydrocarbon impurities 
adsorbed from air [11]. Detected concentrations of metals (Ag, Pd) were given by sputtering process. One can 
see that annealing of pristine PEN led to insignificant differences in its chemical composition. Compared to as-
sputtered samples annealing caused a diffusion and aggregation of metals which decreased the detected 
concentrations of Ag and Pd in case of Ag NIs/PEN and Pd NIs/PEN, respectively. Simultaneously, element 
concentrations originating from the underlying polymer (C and O) were increased due to PEN substrate 
become partially uncovered. This phenomenon has already been studied in detail by determining the rate 
of surface ablation (XPS) and metal release (ICP-MS) [5]. This study uncovered that compositional changes 
after annealing were caused by the coalescence of metal into separate nanoislands with partial embedding 
of these clusters into polymer interior. Principally, the ultrathin (ones of nm) polymer overlay covered metal 
islands reaching almost to their tops. This phenomenon being known as “curtain effect”. Considerably higher 
concentration of O in Ag NIs/PEN after annealing was presumably caused by higher propensity of Ag to 
oxidation process.  

Table 1 Atomic concentrations of C(1s), O(1s), Ag(3d) and Pd (3d) measured by XPS 

Sample 
Atomic concentrations of elements (at. %) 

C O Ag Pd 

Pristine PEN 72.2 27.8 - - 

Annealed PEN 73.1 26.9 - - 

Ag NLs/PEN 58.4 12.0 29.6 - 

Ag NIs/PEN 61.5 30.1 8.4 - 

Pd NLs/PEN 73.5 1.2 - 25.3 

Pd NIs/PEN 65.6 18.3 - 16.1 

Because the surface morphology and roughness has a great impact on resulting biological properties 
of materials, AFM analysis was involved in this study. In Figure 1, one can see that the surfaces of pristine 
PEN and as-sputtered samples of both Ag and Pd NLs/PEN were mildly corrugated and similar values of Ra 
(Table 2) were measured. Compared to as-sputtered samples (see Figure 1a), however, noticeable alteration 
of the surface morphology of both metal-coated samples can be observed after the annealing (Figure 1b). 
The samples´ surface was completely rearranged during annealing process; thermal accumulation in the metal 
layers resulted in an alteration of the amorphous phase of PEN (TgPEN = 120 °C), which led to the significant 
increase of the Ra of annealed samples (Table 2). The values of surface roughness Ra increased two orders 
of magnitude compared to as-sputtered samples. Isolated island-like structures (NIs) homogeneously 
distributed over the surface of PEN are apparent from AFM scans of both Ag and Pd/PEN samples. This 
phenomenon is in accordance with the results of XPS analysis (see Table 1), which revealed decreased values 
of metal concentrations in case of both Ag and Pd after annealing at the expense of the concentrations of C 
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and O originating from PEN substrate. Furthermore, the size and shape of metal nanoislands is effectively 
controllable by the thickness of metal coating preceding the annealing process [5].  

 

Figure 1 AFM scans of the samples a) before and b) after annealing 

Table 2 Mean surface roughness (Ra) of the samples measured by AFM 

Samples Pristine PEN Annealed PEN Ag NLs/PEN Ag NIs/PEN Pd NLs/PEN Pd NIs/PEN 

Ra (nm) 4.4 4.7 4.8 151.6 4.7 148.1 

3.2. Biological response 

Antibacterial effects of the samples are shown in Figures 2a,b for E. coli, and S. epidermidis, respectively. 
Missing columns corresponds to no countable amount of CFU; total inhibition, respectively. Generally, pristine 
and annealed PEN exhibited no antibacterial effects, except an insignificant one for annealed sample after 3 
h of dynamic incubation with E. coli (Figure 2a), presumably caused by a noticeable surface roughness of this 
substrate (see Figure 1 AFM). Due to this fact, together with dynamic shaking at 130 rpm, bacterial colonies 
were mildly inconformed during their adaptation period to surrounding environment [12]. Generally, increased 
antibacterial effects after longer incubation time (24 h) occurred for all metal/polymer composites in case 
of both bacterial strains (Figures 2a,b) in all incubation conditions. These effects might be caused by i) 
increased concentrations of released metals into PS after longer incubation period (ICP-MS results were 
published elsewhere [5]), and ii) longer contact of bacteria with the antibacterially-active surface of the 
composites. When comparing the results of both metal forms, NLs and NIs ones, one can see that NLs/PEN 
samples exhibited similar or higher antibacterial response compared to NIs. It is in good accordance with the 
results of XPS (see Table 1) and mechanism of “curtain” effect, mentioned above. This phenomenon 
precluded to effectively increase the antibacterial response by the alteration of the surface morphology 
(increase of specific surface area of metal). When comparing the results for Ag and Pd samples, more 
significant antibacterial response was determined for Pd ones, in case of both types of composites. These 
results suggest that Pd in its diverse nanostructure forms is able to compete with commonly used Ag in its 
medical applications, as more antibacterial effective alternative. The comparison of the results presented in 
Figures 2a and 2b showed generally increased antibacterial effects against S. epidermidis (Figure 2b), which 
was more sensitive to both metals. The most testifying are the results for both types of Pd composites, which 
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revealed no countable amount of CFU in all conditions. The differences in the antibacterial effects against used 
bacterial strains might be explained by more facile penetration of positively charged noble metals particles 
through the cell walls of G+ bacteria [13]. 

 

Figure 2 Relative antibacterial effect (CFU for examined sample divided by CFU for control sample) of the 
samples against bacterial colonies of a) E. coli and b) S. epidermidis measured in static and dynamic mode. 
Gray line represents a reference level (number of CFU in physiological solution) for corresponding bacterial 

strains together with its uncertainty (dash line).   

Accessible literature [6] reports about the influence of the surface roughness on biocompatibility. Another 
studies [14,15], however, suggest significant cytotoxicity of metal nanostructures, especially silver ones. For 
these reasons, cytotoxicity assay (Figure 3) was performed to determine cytotoxic effects of both investigated 
metal nanostructure forms based on Ag and Pd.  

 

Figure 3 Relative viability (absorbance for examined sample divided by absorbance for control sample), 
of the samples against L929 model cell line. Gray line represents a reference level (absorbance value for 

TCPS) together with its uncertainty (dash line).   

One can see that L929 cell viability on PEN substrate was not influenced by annealing; relative viability is 
comparable to control samples after longer cultivation times (48 and 72 h). Slight decrease of relative viability 
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observed for pristine and annealed PEN samples, alike NLs and NIs samples of both metals, after 24 h 
of cultivation was presumably caused by a difficult adaptation of L929 cell culture on the samples´ surface. 
Generally, Figure 3 revealed low cytotoxic effects of all tested samples with minor response of NLs samples 
both Ag and Pd ones. Interestingly, cytotoxicity of both metals NLs samples, alike NIs ones, after longer 
cultivation times (48 and 72 h) was comparable; both metals demonstrated comparable cell-conformity. More 
significant cytotoxicity of annealed samples of both metals (NIs/PEN) compared to as-sputtered ones 
(NLs/PEN) was presumably caused by high sensitivity of L929 cell line to rougher surfaces [12], rather than 
by cytotoxic effects of metals themselves. This finding was supported the results of XPS analysis (see 
Table 1), together with “curtain” effect [5], which caused decreased amount of the metals able to evoke 
cytotoxicity. 

4. CONCLUSION 

This work presents the comprehensive study of biological effects of various kinds of metal nanostructure-
based coatings of biocompatible polymer. Commonly used nanostructured Ag was confronted with Pd one. 
Surprisingly, it was found that the alteration of the surface morphology and roughness did not improve neither 
antibacterial effects of all nanostructured metal/PEN composites, due to the influence of „curtain“ effect, nor 
biocompatibility, because of high sensitivity of L929 cell line to rougher surfaces. Both types of Ag and Pd 
coatings exhibited insignificant cytotoxic effects, which, together with a higher antibacterial response of Pd-
coated samples, points to its potential applicability in health-care industry. 
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Abstract  

Polycaprolactone is known as biocompatible material for long time and it is considered as possible material for 
bioscaffolds. Since natural structure of hard tissues (bones) and most of soft tissues (skin, neural tissue) is 
fibrous, there are attempts to mimic such a structure. Polycaprolactone (PCL) nanofibers with diameter 
of approximately 180 nm were prepared by electrospinning method. For better biocompatibility and bioactivity, 
a composite fibrous structure was prepared. Hydroxyapatite nanoparticles were synthetized via precipitation 
reaction and further hydrothermal treatment. The ceramic particles were added to modified polycaprolactone 
precursor and the solution was electrospun. The prepared fibers and as well as dried original precursor were 
in-vitro tested for cytotoxicity by direct contact test. Mouse fibroblast from L929 line were used for cell 
cultivation. It was found out that fibrous structure and presence of ceramic particles have a positive influence 
on cell activity and proliferation - the growth rate of the cells was significantly higher compared to bulk polymer 
precursor. 

Keywords: Nanofibers, electrospinning, biocompatibility, polycaprolactone 

1. INTRODUCTION 

Regenerative medicine requires new materials and structures for faster and gentler treating of large wounds. 
Nowadays, allo- or autografts are the most common way how to cure extensive skin injuries and large bone 
injuries are usually treated with bioinert metallic (e.g. titanium) or ceramic (alumina or zirconia) implants. More 
convenient method would be implantation of a scaffold that would support natural cell activity on the damaged 
cells and that would be replaced by new tissue after some time without any residues in the patient’s body. 
There are several attempts to prepare such a scaffold - bulk implants, porous materials and fibrous structures. 
Considering natural structure of the human tissues, fibrous scaffolds are very promising for regenerative 
medicine. [1,2,3] 

There are several ways of preparation of fibrous structures, e. g. electrospinning, self-assembling and phase 
separation. [4] The electrospinning is a versatile technique suitable for preparation of polymer, ceramic and 
composite fibers with range of the diameter from 100 nm to 100 µm. The final morphology of the fibers is 
influenced by electrospinning parameters (mainly by accelerating voltage) and composition of the precursor. 
Ceramic fibers can be also modified by subsequent heat treatment. The versatility of the process opens wide 
field for research in biomaterials - modification of prepared structure with aim to influence the activity of the 
cells is still an open chapter. [2,3,5]    

2. EXPERIMENTAL 

2.1. Materials and methods 

Polycaprolactone with molecular weight of 40 000 g/mol (Sigma Aldrich, Germany) was used as initial material 
for preparation of the nanofibers. Polycaprolactone was dissolved in mixture of acetic and formic acid in ratio 
3:1 to obtan 10 wt% polycaprolactone solution. To prepare ceramic-polymer composite structure, 
hydroxyapatite nanoparticles were added to the precursor. The hydroxyapatite ultrafine powder was prepared 
according to precipitation reaction (1). The product was then hydrothermally treated in a reactor (Ultraclave 
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Milestone, Italy) at the temperature of 250 °C for 5 hours. The powder was added to 6 wt% solution 
of polycaprolactone in mixture of acetic acid and formic acid in ratio 3:1. The concentration of the 
hydroxyapatite in the solution was 4.5 wt%. To obtain a homogenous precursor, the ceramic particles were 
dispersed by ultrasound probe for 3 minutes. 

Ca(NO3)2 + (NH4)2HPO4  Ca5PO4)3OH + NH4NO3       (1) 

The precursors were electrospun by 4SPIN (Contipro, The Czech Republic). Parameters of electrospinning 
were the same for both solution and they are listed in Table 1. For better morphology and uniformity of the 
fibers, warm air (35 °C) was blown at rate of 24 l.s-1 around the emitter.  

Table 1 Electrospinning parameters of polycaprolactone based precursors 

Accelerating voltage 

(kV)  

Emitter-collector distance 

(mm) 

Feeding rate 

(ml.hod-1) 

Size of the emitter needle 

(ga) 

25 100 28 19 

The as-spun fibers were analyzed by scanning electron microscope (Verios, FEI, USA) - structural was done. 
After structural analysis, cytotoxicity tests were provided on the both type of fibers. The fibers were deposited 
on a circle slide glass in a thin layer to guarantee transparency of the samples that is crucial for cytotoxicity 
tests. The test was done on five samples of each type always for three days. Mouse fibroblasts from L929 line 
were used for the testing. A photo was taken every 30 s on seven fields of vision. The results were compared 
with data obtained from the baseline sample (blank sample) and samples with continuous layer of the 
precursors. 

3. RESULTS 

3.1. Preparation of the ceramic nanopowder 

Structure analysis of the hydroxyapatite powder was done before and after the hydrothermal treatment. As-
synthetized ceramics was in the form of agglomerated flake-like particles. The hydrothermal treatment resulted 
in change of morphology of the particles - the shape was changed in needle-like one. The needles had 
diameter of approximately 30 nm and they were about 600 nm long which was promising for their further 
incorporation into the nanofibers. The effect of the hydrothermal treatment is visible in Figure 1. 

  

Figure 1 a) Highly agglomerated hydroxyapatite powder before the hydrothermal treatment,  
b) the nanoparticles with needle-like shape after the hydrothermal treatment 

3.2. Preparation of the fibers 

Uniform and smooth nanofibers with diameter of approximately 180 nm were prepared by electrospinning in 
hot air of the polycaprolactone precursor (see Figure 2a). Fibers with incorporated hydroxyapatite particles 

a) b) 

a) b) 
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were not as uniform as pore polycaprolactone ones. The ceramic-polymer fibers had visible defects in the 
structure and the ceramic particles penetrated through the polymer out of the fibers as can be seen in  
Figure 2b. These spots were identified as the places that would enhance proliferation of the cells.  

   

Figure 2 a) As-spun polycaprolactone nanofibers,  
b) as-spun composite nanofibers with hydroxyapatite particles 

3.3. Cytotoxicity tests 

Test of the cells proliferation confirmed beneficial effect of the fibrous structure and presence of the ceramic 
compound on the cells activity. As can be seen in Figure 3, polycaprolactone as bulk material is biocompatible 
but it is not bioactive. Addition of the ceramic particles enhanced the biological properties, but the proliferation 
was still slower than on the baseline sample. However, on the electrospun ceramic-polymer nanofibers the 
proliferation was the fastest in comparison to all tested samples. Specific growth rate was calculated by 
measuring the numbers of the cells attached to the sample (see Figure 4). With exception of layered samples, 
the specific growth rate increased until 48 hours. The highest specific growth rate after 48 hours had polymer-
ceramic fibrous sample. The specific growth rate then decreased that could be caused by formation of cells 
monolayer on the top of the sample (see Figure 5), so the cells did not have enough space for further 
proliferation. The high specific growth rate of the ceramic-polymer sample after 48 hours of cultivation shows 
accelerated cells activity on the fibrous samples at the beginning of the cells cultivation that indicates good 
bioactivity properties. 

 

Figure 3 Proliferation of the cells on the tested materials 
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Figure 4 Specific growth rate of the cells on the tested materials 

  

Figure 5 Polycaprolactone-hydroxyapatite fibrous structure with cell culture a) at the beginning of the test,  
b) after 3 days of testing 

4. CONCLUSION 

The experiments proved positive effect of the fibrous structure and ceramic phase in the composite on activity 
of the cells. While ceramic particles enhance proliferation of the cell culture, the polymer compound provides 
mechanical properties important for manipulation with the material which is beneficial compared to usual 
ceramic scaffolds. The future research will concern to better surface characteristics (e.g. wettability) of the 
composite fibers to reach even faster proliferation of the cells. 
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Abstract 

Platelets are effective source of growth factors and other bioactive molecules. They can be combined with an 
appropriate scaffold where the mechanical properties of the scaffold and bioactive properties of platelets 
modulate cell behavior in the site of the injury. In this study, we compared different concentrations of platelets 
adhered on PCL nanofibers and evaluated their effect on mouse 3T3 fibroblasts. Platelets in maximum 
concentration significantly stimulated the viability when it is compared with control. Proliferation of fibroblasts 
was significantly higher than in the control group cultured on the plain scaffolds. Cells were well- spread on 
the scaffolds with adhered platelets, whereas on the plain scaffolds, the cells created clusters. The effect 
of platelets was dose-dependent. It is obvious, that the combination of bioactive substances and PLC 
nanofibres significantly stimulates cells growth and metabolic activity of the tested cell type. 

Keywords: Platelets, nanofibers, cell culture 

1. INTRODUCTION 

Proper wound dressings should enhance cell adhesion and stimulate cell proliferation and viability. Nowadays, 
lot of efforts is being made to create biocompatible and biodegradable scaffolds which mimic the natural 
microenviroment of the tissue of interest. This scaffold serves as a physical support for cell adhesion and it is 
subsequently degraded by the cells for the formation of the new extracellular matrix where they will grow and 
cooperate. Scaffold can be enriched by bioactive substances which affect cellular fate. 

Platelets are small anucleated fragments derived from megakaryocytes and contain various growth factors 
and bioactive molecules such as PDGF, VEGF, EGF and IGF [1]. These mediators can influence cell behavior 
and are involved in the early stage of wound healing and regenerative processes. Several types of platelet 
products including platelet rich plasma, platelet lysate, and platelet rich fibrin can be fabricated. Platelet rich 
plasma is defined as an autologous platelet concentrate of suspended in a small amount of plasma [2]. It is a 
cost-effective and easy way of delivering the bioactive substances. 

Electrospinning is a unique technique to create polymeric nanofibers. The fibers have nanoscale diameter and 
thus can mimic the microarchitecture of extracellular matrix. They are highly porous with interconnected pores, 
enabling the exchange of gases and nutrients [3]. Moreover, compared to micrometer-sized surfaces, 
nanofibers have a higher rate of protein adsorption support an adhesion of proteins [4]. 

Polycaprolactone is a biodegradable, biocompatible, linear, aliphatic polyester, which is widely used in tissue 
engineering applications of bone [5], cartilage [6] and heart and vessels [7]-[9]. It was approved by the FDA as 
sewing material and material for drug delivery [10]. 

This study was focused on comparison of the viability and proliferation of fibroblast cell line cultured on 
composite PCL nanofibers scaffolds enriched with different concentrations of platelet. 
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2. MATERIALS AND METHODS 

2.1. Scaffold fabrication 

Scaffolds were prepared from poly-ε-caprolactone by needleless electrospinning method. 24 % (w/v) solution 
of PCL (45 000 Da, Sigma Aldrich, MO, USA) was resuspended in chlorophorm:ethanol (ratio 9:1 v/v). 
Samples were electrospun by Nanospider NS500 (Elmarco, Czech Republic) using wire needleless electrode. 
The applied voltage range was 80-100 kV. The temperature was 24 ± 2°C and relative humidity 55 ± 10 %. 
The distance between the wire electrode and the collector was 20 cm. 

2.2. Composite scaffold preparations 

Samples with diameter of 0.6 mm were punched out from the electrospun mat. Subsequently, they were 
sterilized using 70 % ethanol for 30 minute and washed thrice with PBS. Human deleucotized platelet 
concentrate in plasma solution derived from apheresis was purchased from Blood Transfusion Service (UHKT, 
Czech Republic). Three concentrations of platelets were prepared (TAD max - maximum concentration, 
915*109 platelets/L; TAD 1/2 - half the maximum concentration, 457.5*109 platelets/L; TAD ¼ - quarter the 
maximum concentration, 228.75*109 platelets/L). Each concentration was adhered on the sterile nanofibrous 
scaffolds. Samples were incubated for 2 hours at 22°C and then were rinsed with PBS. The plain scaffolds 
served as a control. 

2.3. Cell culture and seeding 

Mouse 3T3-A21 cell line was purchased from Sigma-Aldrich, Munich, Germany. Cells were cultured in 
Dulbecco’s modified Eagle’s medium supplemented with 10 % FBS and treated with penicillin/streptomycin 
(100 IU/mL, 100 µg/mL). Cells were kept in a humidified incubator (37°C, 10 % CO2 and 80-90 % RH) and 
medium was changed every 3-4 days. Subconfluent cells were washed with PBS containing 0.02 % (w/v) 
ethylenediaminetetraacetic acid (EDTA) and treated with trypsin/EDTA solution. The detached cells were 
counted using a Bürker chamber. The scaffolds were seeded with fibroblasts with a density 8,850 cells/cm2. 
All groups were supplemented with 5 % FBS. 

2.4. Cell metabolic activity measurement 

The metabolic activity of the fibroblast was determined using the MTS assay (CellTiter96® AQueous One 
Solution Assay; Promega, Madison, WI, USA). On the experimental days, the scaffolds were transferred to the 
new wells. To each scaffold, 20 μL of MTS solution within 100 µl fresh medium were added. After 2 hours 
of incubation, the absorbance of the metabolized solution (100 μL) was detected at 490 nm using Tecan 
Infinite® PRO 200 series reader (Tecan, Männedorf, SUI). The background absorbance (690 nm) was 
subtracted from the measured data, as well as the absorbance of the plain media. 

2.5. Cell proliferation 

To determine the cell proliferation, a fluorescence-based kit (Quant- iT™ PicoGreen® dsDNA Assay Kit; 
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) was used. The samples used for the MTS assay 
were transferred to 500 μL of cell lysis buffer (10 mmol L−1 Tris, 1 mmol L−1 EDTA, 0.2 % v/v Triton X-100). 
Then, three freeze/ thaw cycles were done to facilitate of the release DNA from the samples. Between each 
step, the samples were thoroughly vortexed. Fluorescence intensity was detected using Tecan Infinite® PRO 
200 series reader Tecan (λex = 485 nm, λem = 528 nm) and the DNA content was determined using calibration 
curve of standards from the kit.  

2.6. Confocal microscopy visualization 

Samples were fixed with frozen methanol and subsequently washed with PBS and stained with DiOC (to 1 
µg/mL in PBS, 30 minute) to visualize the cellular membranes and propidium iodide (5 µl/mL) to visualize the 
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cell nuclei. Between the incubations the samples were rinsed with PBS. A Zeiss LSM 510 DUO confocal 
microscope was used for imaging (λex = 488 nm, λem = 501 nm for DiOC6; λex = 536 nm,λem = 617 nm for 
propidium iodide).  

2.7. Scanning electron microscopy visualization 

Samples were fixed with 2.5 % glutaraldehyde ((Sigma-Aldrich, MO, USA) for 2 hours in 4°C. Afterwards the 
samples were dehydrated with the ethanol changes (35 %, 48 %, 70 %, 96 % and 100 %). 
Hexamethyldisilazane (Sigma-Aldrich, MO, USA) was used to remove any residual water from the samples. 
The samples were sputter-coated with gold (app. 30 nm) in the Quorum Q150R (Quorum Technologies, United 
Kingdom) and visualized using Vega 3 SBU microscope (Tescan, Czech Republic).  

2.8. Statistical analysis 

Quantitative data are presented as mean ± standard deviation. The data were evaluated using SigmaStat 3.5 
software. Statistically significant differences between the groups with normal distribution were evaluated with 
ANOVA method and Tukey test for post hoc analysis. The data with abnormal distribution were tested with 
Kruskal-Wallis test and Dunn’s method for post hoc analysis. The statistically significant level was accepted 
as 5 % 

3. RESULTS 

Metabolic activity of the seeded cells was evaluated using MTS metabolic assay on day 1, 3, 8, 10 and 14 
(Figure 1). PCL nanofibers functionalized with the maximum concentration of platelets (TAD max) exhibited a 
significantly higher viability of cells in comparison to the control group (PCL). On day 1 and 3, there was no 
significant difference between the groups. From day 8 up to the day 14, it was obvious that with increasing 
concentration of platelets, the metabolic activity of the cells increased. Proliferation of the cells were measured 
by PicoGreen assay (Figure 2). The results showed increase of DNA on all the scaffolds functionalized with 
platelets from day 3. All groups with platelets exhibited gradually increasing number of cells in a dose-
independent manner. On the control group, the DNA content was very low and oscillated during the 
experiment. It is obvious that the scaffolds functionalized with platelets stimulated cell proliferation in vitro. 
Results from both assays are in concordance with the results of Vocetkova et. al., where platelets in additive 
solution adhered on PCL scaffold were used and seeded with dermal cells. Fibroblast exhibited better 
proliferation and metabolic activity when seeded on the functionalized scaffolds [3]. Diaz-Gomez et. al. cultured 
human adipose-derived mesenchymal stem cells on PCL nanofibers functionalized with platelets. These 
functionalized scaffolds increased cell adhesion and proliferation [11]. 

 

Figure 1 Metabolic activity of 3T3 fibroblast 
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Figure 2 Proliferation of fibroblast 

Confocal microscopy was used to visualized the cells seeded on the scaffolds (Figure 3). Cells seeded on the 
functionalized scaffolds were well spread and did not form the clusters as on the PCL control scaffolds. These 
clusters indicated unfavorable cultering conditions. 

 

Figure 3 Confocal microscopy visualization of fibroblasts seeded on the scaffolds (magnification 200x, scale 
bar 100 µm) 

To visualize the surface of the nanofibers with platelets and cells, scanning electron microscopy was used 
(Figure 4). The fibrin network was visible in all the samples with platelets. Lesczak et al. tested different types 
of surfaces to observe blood compatibility. They found that platelet/leukocyte complexes were formed and 
specific markers for platelet activation were expressed on PCL surfaces [12].  
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Figure 4 SEM visualization of fibroblasts on scaffolds (magnification 1000x, scale bar 50 µm)    

4. CONCLUSION 

Nanofibrous scaffold from poly-ε-caprolactone is, thanks to its properties, a suitable material for tissue 
engineering applications. The scaffold can be combined with bioactive molecules which affect cellular fate. We 
have previously tested the effect of platelets in additive solution, adhered on PCL nanofibers prepared by 
centrifugal spinning, on MG-63 cell lines. In the current study, we used pooled platelets in plasma adhered on 
PCL nanofibers prepared by electrospinning method. As a model for in vitro testing, 3T3 fibroblasts were used. 
It was observed that platelets and plasma had synergistic effect and positively influenced cell proliferation and 
viability. Our results clearly demonstrated that all concentrations of platelets in plasma are sufficient to ensure 
cells growth.  
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Abstract 

The aim of this study was to describe electrospinning method for preparation of self-supporting homogenous 
nanofibrous layers with a presence of pristine clay minerals and clay minerals containing antibacterial agent 
chlorhexidine acetate in their interlayer space. One clay and two polymers were used. Vermiculite was used 
as obtained with size fraction < 40 μm. Chlorhexidine/vermiculite was prepared through the intercalation 
process. Nanofibers were made of hydrophobic polymers, polyurethane (PU) and polycaprolactone (PCL), to 
gain water stable and durable layers. Polymer solutions for electrospinning contained 2, 5 and 8 wt. % 
(according to the total weight of the solution) of clay or chlorhexidine/clay. These suspensions were 
homogenized and immediately spun using 4SPIN LAB. Self-supporting homogenous fibrous layers were 
prepared under the same electrospinning conditions as neat polymers and were further analysed. Morphology 
was characterized using scanning electron microscopy (SEM) and presence of clay minerals in the layer was 
confirmed by digital microscopy and EDX mapping. From SEM images, diameter of the fibres was evaluated. 
Fibre diameter decreased after adding the clay and was ranging from 600 nm to 1200 nm. Clay particles were 
present both in fibres and on the surface. Antibacterial chlorhexidine was found in the vermiculite matrix as 
well as separately in the fibres (result of imperfect intercalation). 

Keywords: Clay, nanofibers, electrospinning, chlorhexidine, antibacterial 

1. INTRODUCTION 

Electrospinning is a method using an electrostatic field/high voltage to fabricate micro- and nanoscaled fibres. 
This method is constantly evolving and gains attention in both scientific community and industry. It is versatile 
method which can find novel applications in diverse fields - bioengineering, biomedicine, sensors, filtration or 
electronics. Electrospun fibres have unique properties such as high specific surface area and large number 
of smaller pores. There is a large variety of polymer materials which could be used to prepare nanofibers, from 
natural and to synthetic ones. There is a possibility to prepare simple layers made of a single polymer as well 
as a composite, which is composed of e.g. several polymers with some organic or inorganic components [1,2]. 
In this study two polymers were used - polyurethane (PU) and polycaprolactone (PCL). Both are hydrophobic, 
water stable and biodegradable and are often used for bone tissue engineering, cardiac grafts, wound dressing 
or for engineering of blood vessel substitutes [1]. Clay minerals are hydrated aluminium phyllosilicates with 
layered structure. They may undergo process called intercalation, which allows ion exchange with functional 
molecules or particles. Vermiculite belongs to 2:1 group, its basic structure consists of a magnesium octahedral 
sheet between two silica tetrahedral sheets. Interlayer space is filled with hydrated cations or water [3]. Since 
the interlayer space can be easily modified, vermiculite has a great potential in the fields of drug carriers [4-6], 
tissue engineering and regenerative medicine [7]. In several studies, nanocomposite chlorhexidine 
acetate/vermiculite was prepared through intercalation process and characterized. Chlorhexidine (CH) was 
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stable in clay matrix (outflow <5 %) in aqueous solution with conditions close to those in human body [6]. 
Composite had very good antibacterial effect against Escherichia faecalis, Escherichia coli and 
Staphylococcus aureus, and showed poor results against Pseudomonas aeruginosa [4-6]. Vermiculite was 
also tested for toxicity on mammal model organism (mice). Neither local nor systemic reaction was observed, 
therefore toxicity can be excluded [5]. Studies focused on electrospinning of polymers with added clay often 
investigate the effect of clay content on morphology and processability of prepared nanofibers [8, 9, 10]. 
Nanofibers with added clay had enhanced filtrating ability [8], increased thermal stability [9,11], improved 
tensile strength [10, 11] or chemical stability [12]. Wide range of polymers was used with clay such as 
montmorillonite and hydroxyapatite. After intercalating drugs into the interlayer space nanofiber mats obtained 
antibacterial properties [13,14] with drug sustained release activity [13]. Prepared materials have a potential 
in wound healing applications [12], drug delivery systems [13,14], as an antioxidant product in food and 
pharmaceutical industries [15] or filtration [16,17]. 

The aim of this study was to find optimal conditions for preparation of self-supporting homogenous nanofibrous 
layers with a presence of pristine vermiculite and composite chlorhexidine acetate/vermiculite since there is 
no similar research. Further to characterize morphology of prepared samples using different methods (digital 
microscopy, scanning electron microscopy, EDX mapping). Prepared materials might have a great potential 
as inexpensive drug delivery system.   

2. MATERIALS AND METHODS 

2.1. Preparing solutions for electrospinning 

Polycaprolactone (PCL) and chloroform were purchased from Sigma Aldrich. Polyurethane (PU), N,N-
dimethylformamide (DMF) and tetrahydrofuran (THF) were purchased from BASF Polyurathanes GmbH, Lach-
ner and Honeywell, respectively. Vermiculite from Brazil was used with particle size fraction < 40 μm. 
Composite chlorhexidine acetate/vermiculite (1:1) was prepared through intercalation process. Both clay 
samples were provided by Nanotechnology Centre (VSB) and used as received. Two basic polymer solutions 
were prepared. First one was the 10 wt. % PU dissolved in DMF and THF (1:1). PU was added under constant 
stirring and solution was stirred until homogenous. The second one was the 10 wt. % PCL dissolved in DMF 
and chloroform (2:8). PU was added under constant stirring and solution was stirred until homogenous. 
Suspensions for electrospinning contained 2, 5 and 8 wt. % of vermiculite (Ver) or chlorhexidine/vermiculite 
(CH/Ver). The weight percent of added clay was with respect to the weight of the final suspension. Each 
suspension was stirred first in hand and then placed into stand with coolant (water and ice) and homogenized 
for 5 min by homogenizer IKA® T25 digital Ultra Turrax (5600 rpm, 15 s on, 5 s pause). Prepared suspension 
was immediately spun.  

2.2. Electrospinning conditions 

Electrospinning was performed using the 4SPIN LAB device (Contipro, Czech Republic). Two moving needles 
were used as an emitter and rotating cylinder of width 10 cm covered by substrate (aluminium foil) was used 
as a collector. The collector rotating speed was 1000 rpm. A distance between the emitter and the collector 
was set to 18 cm. Each sample have been spun for 120 min, but after 60 min the suspension was changed for 
newly homogenized one. Feed rate was 20 μl/min for all suspensions except 8 wt. % of CH/Ver in PCL where 
feed rate had to be increased to 30 μl/min. Applied voltage varied depending on polymer - 25 kV was used for 
the PU suspensions and 20 kV for the PCL suspension. Ambient conditions were approximately same for all 
spinning processes - relative humidity was between 30-43 % and temperature was between 23-28 °C.  

2.3. Characterization of materials 

A digital microscopy was used to confirm the presence of vermiculite in prepared nanofibrous layers, as 
vermiculite has yellow-brown to green-brown colour and thus was easily distinguishable from polymer. Images 
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were taken in transmission using the digital microscope VHX Multi Scan Keyence with Keyence ZS-260 lens 
(magnitude 200x-2000x). All samples were removed from the substrate and placed onto a glass microscope 
slide. No other treatment of samples was performed. Morphology was characterized by scanning electron 
microscopy (Zeiss Ultra Plus, Carl ZEISS, applied voltage 3,5 kV). Prior analysis, all samples were coated with 
a thin layer of chrome. From SEM images (1000 x), diameter of fibres was evaluated using ImageJ 1.48 
(average of 30 fibres). Presence of vermiculite and chlorhexidine in the layer was also confirmed by energy-
dispersive X-ray spectroscopy mapping (EDX mapping, Zeiss Ultra Plus, Oxford X-MAXN 80). The 
measurement was conducted at a magnification of 1800, the accelerating voltage was set to 10 kV and the 
energy range was between 0-10 keV. The intensity of the characteristic X-ray peaks was imaged - for 
vermiculite (aluminium K-series - 1.557, 1.487, 1.486, magnesium K-series - 1.302, 1.253, silica K-series - 
1.836, 1.740, 1.739) and chlorhexidine (chlorine K-series 2.816, 2.622, 2.620).  

3. RESULTS AND DISCUSSION 

Self-supporting homogenous nanofibrous layers were successfully prepared from above-mentioned 
suspensions via electrospinning. For clarity, the notation wt.%Clay_polymer will be used in the following text, 
e.g. 2Ver_PU refers to 2 wt.% of vermiculite in polyurethane or 8CH/Ver_PCL refers to 8 wt.% 
of chlorhexidine/vermiculite in polycaprolactone. Control samples were also prepared (further marked as PU 
and PCL). Both SEM imaging and EDX mapping were used strictly for qualitative analysis of the composite, 
to characterize the morphology and whether the clay or CH/clay additive was incorporated into the polymer 
matrix. 

3.1. Digital microscopy 

The Figure 1 shows the differences between 2, 5 and 8 wt.% Ver in PCL (a-c) - the increasing clay content in 
the nanofibrous layers is evident. All other samples followed the same trend. Some agglomerates in Figure 1c 
exceed the size of 100 μm even though vermiculite size fraction was under 40 μm. This trend was visible 
especially in samples with PCL. Suspensions with PCL were more viscous, so the viscosity probably affects 
creation of agglomerates or aggregates. 

 

Figure 1 Digital microscopy images of PCL nanofibers with vermiculite (magnification 200x): a) 2Ver_PCL, 
b) 5Ver_PCL, c) 8Ver_PCL. 

3.2. Morphology of the fibres 
Neat polymer nanofibers were smooth and continuous with inhomogeneous diameter which was (1416 ± 522) 
nm for PCL and (1629 ± 311) for PU. The Figure 2 shows selected SEM images (magnification 5000x) 
of 5Ver_PCL (a), 5CH/Ver_PCL (b), 5Ver_PU (c), and 5CH/Ver_PU (d). Clay particles were probably 
incorporated into the PCL fibres as there are not many visible particles on their surface. PU fibres are thinner 
than PCL fibres and there are more clay particles visible on the surface of the fibres. Diameter of clay/PU fibres 
is also more homogeneous compared to clay/PCL fibres. The Figure 3 shows a mean diameter of the fibres 
with a standard deviation. Diameter of the fibres decreased after adding the clay. The highest diameter was 
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observed at samples with 2 wt. % of clay, then diameter decreased at samples with 8 wt. %, and samples with 
5 wt. % of clay had the lowest diameter. But samples with Ver in PCL did not meet this correlation, the highest 
diameter was at 5Ver_PCL and lowest at 8Ver_PCL. It was observed that electrospun fibres were thicker the 
more clay they contained [8]. This thickening was caused by higher viscosity of electrospun solution - fibres 
haven’t stretched so much. There is also another factor that affects the final diameter of the fibres. Vermiculite 
is a clay with nonzero layer charge, so by adding the clay suspension had higher conductivity and therefore 
was more stretched in the electric field [10]. In this case both principles seemed to combine, suspension with 
2 and 5 wt.% stretched more thanks to higher conductivity but suspension with 8 wt.% of clay were too viscose 
to stretch. 

 

Figure 2 SEM images of PCL or PU nanofibers with vermiculite or chlorhexidine/vermiculite (magnification 
5000x): a) 5Ver_PCL, b) 5CH/Ver_PCL, c) 5Ver_PU, d) 5CH/Ver_PU. 

 

Figure 3 Mean fiber diameter (30 fibres) with standard deviation. 

3.3. EDX mapping 

In EDX maps (Figure 4), major elements contained in vermiculite are blue-coloured (silicon, aluminium and 
magnesium) and chlorine (recognizable element for chlorhexidine) is red-coloured. Clay particles were mostly 
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concentrated along the fibres and some bigger particles (size exceeding fibre diameter multiple times) were 
between the fibres. Chlorhexidine was not always situated with vermiculite, there were many spots, where only 
chlorhexidine or only vermiculite could be found. This means that the intercalation process was not perfect and 
not all the chlorhexidine was intercalated into interlayer space of vermiculite. These findings fit with results 
of Holešová et. al. [6] that even the highest used chlorhexidine concentration above CEC value (cation 
exchange capacity) did not lead to full chlorhexidine intercalation into vermiculite matrix and chlorhexidine is 
also anchored on clay surface. 

 

Figure 4 EDX maps, blue coloured: Si, Al, Mg, red coloured: Cl: a) 5Ver_PCL, b) 5CH/Ver_PCL, c) 
5Ver_PU, d) 5CH/Ver_PU 

4. CONCLUSION 

Nanofibrous layers with different weight concentration of vermiculite or chlorhexidine/vermiculite were 
successfully prepared under the same electrospinning conditions as neat polymers. Fibre diameter decreased 
after adding the clay and was 600-1200 nm. Clay content in the layer increased with concentration and clay 
particles were incorporated into the polymer fibres. Antibacterial chlorhexidine was found in the vermiculite 
matrix as well as separately in the fibres (as a result of imperfect intercalation). Prepared CH/Ver/polymer 
layers seem to be promising, relatively inexpensive, and easy-to-produce material in the field of antibacterial 
applications.  
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Abstract 

Zinc phosphate particles were prepared by reaction of zinc nitrate with hydrogen phosphate, diphosphate and 
triphosphate, and characterized by Dynamic Light scattering (DLS) and Scanning Electron Microscopy (SEM). 
Antibacterial effect of ZnO nanoparticles and zinc phosphates ones were compared. Bacterial strains 
of (Escherichia coli NCTC 13216, Staphylococcus aureus NCTC 8511, and Methicillin-resistant S. aureus 
CCM 7110 were used for the testing. Oxidative stress was determined the GSH/GSSG ratio by using High-
pressure liquid chromatography with twelve-channel CoulArray electrochemical detector (HPLC-ED). It has 
been demonstrated the zinc phosphate particles shown better antibacterial properties and smaller toxicity, 
than the conventional ZnO. 

Keywords: Zinc phosphate, Zinc oxide, Antimicrobial properties   

1. INTRODUCTION 

Zinc is major element, which a responsible for physiological function in the body of animals or human, such as 
reproduction [1], replication and transcription [2], immune system, protection from bacterial endotoxins and 
antibody production [3]. On the other hand, Zn treatment of antibacterial activity have positive results in the 
concentration (2000 - 2500 mg/kg ) during 14 days and these high doses, however, carry a high risk of large 
amounts of zinc in the food chain [4]. Alternative forms of Zn, such as ZnO, Zn phosphate or ZnS have a best 
potential and widely used in agriculture in the form of animal feed supplement [5], biomedical applications, due 
to their low toxicity and biodegradability [6]. Nowadays, Zn nanoparticles may be used how alternative as 
antibiotics for animals, due as their antibacterial properties [7]. Aim of our study was to prepared of Zn NPs 
and their applications on Escherichia coli NCTC 13216, Staphylococcus aureus NCTC 8511, and Methicillin-

resistant S. aureus CCM 7110. Morphology of Zn nanoparticles were characterized by scanning electron 
microscope.  

2. METHODOLOGICAL BASES AND EXPERIMENTAL PART 

2.1. Chemicals 

Zinc nitrate. (NH4)2HPO4, Na2HPO4, Na4P2O7, Na5P3O10, GSH, GSSG, ZnO, methanol, trifluoroacetic acid 
were obtained from Sigma Aldrich (St. Louis, Missouri, USA).   

2.2. Determination of reduced and oxidised glutathione and selenium 

Reduced and oxidised glutathiones were determined using HPLC-ED. Experimental conditions were adopted 
from [8]. 
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2.3. Dynamic light scattering and Scanning electron microscopic (SEM) characterization of Zn NPs 

The average particle size and size distribution were determined by quasielastic laser light scattering with a 
Malvern Zetasizer (NANO-ZS, Malvern Instruments Ltd., Worcestershire, UK). Structures of particles were 
characterized by electron microscope MIRA 3 XMU (Tescan, a.s., Brno, Czech Republic). The SEM was fitted 
with Everhart-Thronley type of SE detector, high speed YAG scintillator based BSE detector, panchromatic CL 
Detector. For automated acquisition of selected areas, a TESCAN proprietary software tool called Image 
Snapper was used.  

2.4. Powder X-ray analysis 

Powder X-ray analysis of Zn NPs was carried out on D8 Advance ECO (Bruker, AXS GmbH, Karlsruhe, 
Germany). Bragg-Brentano geometry, CuKα radiation (λ = 1.54178 Å), the range of 2θ = 4-60° and room 
temperature were used. 

2.5. Preparation of microparticles   

Zn-A. Zinc nitrate dissolved in water was heated to 60 °C and (NH4)2HPO4 was added with stirring. White 
precipitate was formed.  

Zn-B. Zinc phosphate was prepared similarly, only Na2HPO4 was used instead of ammonium salt.  

Zn-C. Solution of Na4P2O7 was added to stirred solution of zinc nitrate. White precipitate was obtained, filtered 
and dried.  

Zn-D. Zinc nitrate was mixed with Na5P3O10 solution. White precipitate was immediately formed. The 
suspension was filtered and product dried. 

Zn-AC. Zinc nitrate dissolved in water was heated to 60 °C and solution of citric acid and (NH4)2HPO4 was 
added with stirring. White precipitate was formed.  

2.6. Determination of antibacterial properties by method of growth curves 

The method is based on measuring of the absorbance using the apparatus Multiskan EX (Thermo Fisher 
Scientific, Germany) and subsequent analysis in the form of growth curves. Bacteria were cultivated in GTY 
medium for 24 h with shaking and were diluted with GTY medium using Specord spectrophotometer 210 
(Analytik, Jena, Germany) at a wavelength of 600 nm to absorbance 0.1. On the microplate, these cultures 
were mixed with various concentrations of NPs and a control. 

3. RESULTS AND DISCUSSION 

Aim of our study was preparation of zinc phosphates under different reaction conditions and their physico-
chemical study. For preparation of zinc phosphate sodium as well as ammonium salt were used. From powder 
XRD it follows that using ammonium salt only hopeite Zn3(PO4)2·4H2O was obtained (see Figure 1). When 
sodium salt was used under the same conditions than 90 % of product is hopeite but 10 % is zinc phosphate 
dehydrate. For Zn-C preparation diphosphate was applied and product was identified as Zn2P2O7·5H2O. More 
complicated situation is for Zn-D. XRD analysis shows on a mixture of three products. The most abundant 
component (60 %) was as expected zinc triphosphate Zn2HP3O10·6H2O but there is 30 % of Zn2P2O7·5H2O 
and 10 % of ZnHPO4·3H2O. We have also tried addition of citric acid to the reaction mixtures. For the product 
Zn-AC Zn3(PO4)2·4H2O, Zn3(PO4)2·4H2O and ZnHPO4·H2O (89, 8 and 3 %) were obtained. Addition of citric 
acid (Zn-DC) to reaction mixture containing triphosphate leads to nearly complete decomposition 
of triphosphate and Zn2P2O7·5H2O (97 %) with only minor part of Zn2HP3O10·6H2O resulted.  
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Figure 1 XRD spectra of Zn-A (upper part) and Zn-C. (CPS = counts per second) 

DLS analysis of obtained materials show on particles in the range of 50 - 520 nm as well as some particles 
are much bigger probably due to the formation of aggregates. The size and shape were confirmed by SEM 
analysis (see Figure 2). For comparison zinc oxide nanoparticles and Zn-D are presented. ZnA and ZnB 
particles had spherical shape with the average diameter 477 and 520 nm, whereas ZnC formed small 
aggregates with average diameter 452 nm. Zn-D nanoparticles are comparable with those of ZnO 
nanoparticles with diameters from 50 to 100 nm. It can be clearly seen that nanoparticles were formed as well 
as their crystalline nature that was also proved by XRD analysis.   

 

Figure 2 SEM micrographs of ZnO-N (A) and Zn-D (B)   

The antibacterial activity of ZnNPs, ZnO and ZnO-N after 24 h was confirmed by the method of the growth 
curves. For the comparison ZnO particles and nanoparticles were used. From the growth curves inhibition 
curves (Figure 3) were obtained showing on either similar or better antibacterial properties of prepared zinc 
phosphates. From the literature, it is known that mostly higher antibacterial properties can be expected for 
lower sized nanoparticles and the activity depends on shape and solubility of nanoparticles. Interestingly, it 
was found for E. coli that with higher concentrations of nanoparticles inhibition of bacteria is lower. It can be 
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explained by recovery of bacteria or by aggregation of nanoparticles in solution leading to lower active surface 
for interaction with microbial cell. Thus, better activity against E. coli show zinc phosphates Zn-A and Zn-B. 

 

Figure 3 Inhibition curves obtained for (A) E. coli, (B) S. aureus and (C) MRSA obtained under different 
concentrations of zinc phosphates (Zn-A, Zn-B, Zn-C, Zn-D) and zinc oxides (ZnO, ZnO-N) 

Levels of GSH were obtained by analysis of blood, kidney and liver samples of Laboratory male rats of the 
outbreed strain Wistar albino were selected as model animals. The rats were divided into four groups of ten 
rats each by phosphates or zinc oxides. Four groups of rats were fed with phosphate-based zinc nanoparticles 
(ZnA, ZnB, ZnC, ZnD) in the dose of 2000 mg Zn/kg diet. All groups of rats had monodiet including 2.7 mg/kg 
of zinc. The experiment duration was 28 days. The animals had access to feed and drinking water ad libitum. 
From animals were putted to death the blood, kidney and liver samples were collected for subsequent analyses 
of GSH and GSSG using HPLC-ED. The levels were related to total protein concentration. From the data it 
was apparent that GSH concentration significantly increases up to concentration 13 ±2 nmol GSH/g protein 
after zinc treatment in liver. The applied zinc nanoparticles have different effects on the GSH levels in the 
blood and kidneys and values of GSH are usually slightly higher in comparison with control. In the case 
of GSSG no significant difference between the different types of zinc phosphate nanoparticles was observed. 

 

Figure 4 Levels of GSH on blood, liver and kidney. Results are related to the total protein content. 

3. CONCLUSION 

In this study, zinc phosphate particles were prepared and characterized by SEM and powder X-ray analysis. 
The particles were tested for their antibacterial properties and it was found that they inhibit grow of bacteria 
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better than zinc oxide which is usually used in veterinary practice. Lowering of zinc content is promising for 
application in agriculture.  
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Abstract  

The synthesis of TiO2 nanoparticles (NPs) under various temperature treatments was described and TiO2 NPs 
was subsequently tested as an antibacterial agent. Scanning electron microscopy (SEM), Raman 
spectroscopy, Dynamic light scattering (DLS) were used to confirm structure of TiO2 NPs and detect 
differences between individual batches treated with different temperature. Antibacterial properties were tested 
on Escherichia coli (E. coli). TiO2 NPs as photocatalyst was incubated with bacterial cells under ambient light. 
Changes in temperature treatment can affect diameter size and crystal structure of TiO2 NPs as well as its 
antibacterial properties.  

Keywords: Titanium dioxide, pathogenic bacteria, nanoparticles, antibacterial properties, E.coli,  
        nanomaterial 

1. INTRODUCTION 

Bacterial infections are source of serious diseases and can be risk for human health. Antibiotics are relatively 
cheap, high-yield, widely used solution of bacterial infections. But there have been increasing number 
of resistant bacteria and even super bacteria, which are resistant to almost all spectrum of antibiotics [1]. 
Antibiotics have been widely used in livestock production and veterinary medicine to increase production [2-
6]. But antibiotics are water-soluble and 30-90 % antibiotics can be excluded in environment [7]. Nanomaterials 
are perspective solution of this global issue, because the way of interaction with bacteria is different in compare 
with antibiotics. Antibiotics can diffuse and need penetrate bacterial cell wall in contrast with nanomaterials 
which act with direct contact with bacterial cells [7-9]. Titanium dioxide (TiO2) nanoparticles (NPs) is widely 
known antibacterial agent which was even approved by the American Food and Drug Administration (FDA) for 
use in human food and materials for food-contact [10]. TiO2 shows photocatalytic activity and after illumination 
with light can kill bacteria with contact. After illumination hydroxyl radicals (OH) and reactive oxygen species 
(ROS) are generated onto TiO2 and react with bacteria by oxidizing the polyunsaturated phospholipid 
component of the cell membrane [11-13]. OH is more effective for E.coli inactivation than common 
disinfectants (e.g. ozone, chlorine or chlorine dioxide) [14]. There are many factors which can affect 
antibacterial properties of TiO2 e.g. crystal phase or size [15]. It is general opinion that anatase TiO2 NPs are 
more toxic than rutile NPs by inducing stronger oxidative stress [15]. It is also widely known that smaller 
particles are more toxic. In this present work effect of applied temperature in synthesis of TiO2 on size, crystal 
phase and antibacterial properties was evaluated. 
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2. MATERIAL AND METHODS 

2.1. Preparation of TiO2 

Titanium isopropoxide (IV) (Sigma-Aldrich, 97 %) was diluted in isopropyl alcohol (Lachner, 99.7 %). TiO2 NPs 
were precipitated on dropwise addition of alkaline Milli-Q water (pH 8). The as-prepared precipitate was 
washed with Milli-Q water triplicate and heated at 200 °C, 300 °C, and 500 °C [16]. 

2.2. Scanning Electron Microscopy 

The structures of the TiO2 NPs 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. 

2.3. Dynamic light scattering 

Particle size was measured using the Zetasizer Nano ZS instrument (Malvern Instrument Ltd, UK). The 
parameters of particle size measurements were follows: refraction index of the dispersive phase of 3.00 and 
1.333 for the dispersive environment, adsorption coefficient 10−3, temperature 25 °C, equilibration time 120 
s, measurement angle of 173° backscatter. For measurement, disposable cuvettes type ZEN 0040, were used, 
containing 50 µL of sample. 

2.4. Raman spectroscopy 

The samples of TiO2 obtained at three different temperatures were characterized by Raman spectroscopy. 
Measurements were performed on an InVia Reflex Raman microspectrometer (Renishaw, Wotton-under-
Edge, UK) equipped by the 514.5 nm line of an argon laser for excitation. A Leica microscope equipped with 
a standard 50x objective were used. Scans of 10 s were accumulated 5 times and the laser power was typically 
set to 0.2 mW at source. Resulting spectra were baseline-corrected in WiRE 3.4 oftware (Renishaw, Wotton-
under-Edge, UK). 

2.5. Cultivation of bacteria strains 

Bacterial culture Escherichia coli NCTC 13216 was cultivated in Muller-Hinton broth (MHB; Oxoid, Hampshire, 
UK) overnight at 37 °C and 150 rpm. 

2.6. Minimal inhibitory concentration 

The bacterial culture was diluted with physiological solution to a concentration ∼1 × 106 CFU/mL. The bacterial 
concentration was measured by optical density at 600 nm (OD600). Then, the bacterial culture was diluted 100 
times. The 75 µL of the bacterial suspension was added into a 96-well microplate and mixed with TiO2 
nanoparticles in ratio 1:1, with total volume 150 µL. The TiO2 nanoparticles concentration range was from 0.5 
mg/mL to 0.063 mg/mL. In case of control, bacteria were diluted only with MHB. The microplate was irradiated 
with visible light for 30 minutes and placed in Plate Shaker-Thermostat (Biosan, Riga, Latvia) for 16 hours at 
37 °C and 800 rpm.  

3. RESULTS 

The SEM micrographs (Figure 1) confirmed nanostructure of TiO2 and showed structural differences between 
samples treated at various temperature conditions. It can be easily seen that NPs prepared at 200 °C (A) are 
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smaller than NPs prepared at 500 °C (C). Average size of TiO2 NPs at different temperature treatment was 
confirmed by DLS and results are displayed in Table 1. There can be observed trend between increasing 
temperature during synthesis and increasing size of NPs. 

 

Figure 1 Images of TiO2 NPs under different heating conditions (A) 200 °C, (B) 300°C,  
(C) 500°C by using SEM 

Table 1 Size parameters of TiO2 NPs under different temperature treatment by using DLS 

Treating temperature of TiO2 (°C) Average particle size (nm) 

200 92 
300 129 
500 846 

Raman spectroscopy of the three samples synthesized at 200, 300 and 500 °C, respectively, revealed the 
anatase type of TiO2 structure. Temperature-dependent spectral changes were observed. The shift 
of wavenumber position of the band corresponding to Eg(1) phonon mode towards lower value was observed 
with increasing temperature (Figure 2). Namely, at 200°C it was detected at 148.7 cm-1, whereas at 300°C 
and 500°C the detected position was 147 and 143.7 cm-1, respectively. According to Choi et al. [17], the shift 
in wavenumber position of the Raman band likely reflects the differences in particle sizes. Simultaneously, the 
band widths decreased with an increased temperature; for FWHM values corresponding to the band of Eg(1) 
phonon mode see the Table 2. It is interpreted to be a result of increasing crystallinity of anatase with higher 
temperature. 

 

Figure 2 Raman spectra of TiO2 NPs under different heating conditions 
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Table 2 The position and FWHM of the Eg mode in the TiO2 NPs 

Treating temperature of TiO2 (°C) Position of the Eg(1) FWHM Eg(1) 

200 148.7 25.1 

300 147.0 19.3 

500 143.7 11.6 
FWHM, full width at half maximum. 

Antibacterial properties of three samples of TiO2 were tested on E.coli as a model organism. The best results 
exhibited sample prepared at 300 °C in the highest concentration (Figure 3). The reason of the best efficiency 
of TiO2 NPs treated at 300 °C is still small size and possible presence of large amount organic residues in 
sample treated at 200 °C, which can difficult the adsorbate- adsorbent interaction [16]. Differences between 
other samples and concentrations were not so significant although all samples exhibited antibacterial activity. 
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. Error bars such 
as standard error were used. 

 
Figure 3 Minimal inhibitory concentration results of TiO2 NPs after 30 minutes ambient light irradiation 

4. CONCLUSION 

In this study TiO2 NPs were synthesized under different temperature treatment. The size of NPs increasedwith 
increase of heating temperature. The anatase type of TiO2 structure was detected in all samples. The best 
antibacterial properties exhibited sample prepared at 300 °C in concentration 0.5 mg/ml against E.coli as a 
model organism. 
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Abstract  

Wear in a friction pair of components of the endoprosthesis has a significant impact on its operational life. The 
structure of the surface layers of the contacting elements plays a key role in the wear process. To improve the 
tribological characteristics of metal endoprostheses, hardening nanostructured coatings are used. In this case, 
titanium is usually used as a metal, and titanium nitride (TiN) is used as a coating. In this paper, an approach 
is proposed for multiscale modeling of the friction pair of the endoprosthesis “head-acetabulum cup” based on 
the method of movable cellular automata. The models of materials involved in the friction pair were verified by 
simulating the nanoindentation process. At the micro level, the process of friction of two rough surfaces is 
modeled. The results of modeling at the micro level were used in the macromodel of the friction unit as the 
tribological characteristics of the material surface of contacting pairs after one loading cycle. To test the 
performance of the micro and macro models, test calculations were performed with a single cycle loading.  

Keywords: Nanostructured coatings, indentation, pair friction, simulation, movable cellular automata  
        method 

1. INTRODUCTION 

For the treatment of pathologies of the hip joint in the modern world, endprosthetics are widely used. Wear in 
a friction pair of components of the endoprosthesis has a significant impact on its operational life. The structure 
of the surface layers of the contacting elements plays a key role in the wear process. To improve the 
tribological characteristics of metal endoprosthesis (EP), hardening nanostructured coatings are used. In this 
case, titanium is usually used as a metal, and titanium nitride (TiN) is used as a coating. The structure of the 
coating is determined by the modes of its application. Promising is the coating by powder immersion reaction 
assisted coating nitriding (PIRAC). Testing of EP has several stages - these are preclinical and clinical trials. 
Clinical trials are carried out through the installation of an EP in a living human body. Preclinical studies of the 
mechanical behavior of the EP can be divided into experimental and theoretical. Experimental studies are tests 
using a technological unit that simulates the dynamic loading experienced by EP. Theoretical studies of the 
mechanical behavior of the EP using computer simulation make it possible to study the mechanical behavior 
of EP taking into account the influence of various factors on it. Therefore, in preclinical studies, computer 
modeling is used to predict the mechanical behavior of endoprostheses. In the numerical study of wear in a 
friction pair by the finite element method, modeling is used without explicit account of wear particles, first of all 
this is attributed to high computational costs and the complexity of explicit modeling of material failure. Most 
modern papers [1-2] concerning the theoretical study of wear in the friction pair of the endoprosthesis are 
based on the method for calculating the wear proposed in [3]. The surface roughness is taken into account 
implicitly [4]. In the case of a numerical study of hip joint endoprostheses with modified surface layers or 
coatings [5], structural features in multilevel modeling are taken into account using the homogenization method 
(asymptotic averaging), i.e. features of the structure are taken into account implicitly, and are reflected in the 
integral characteristics of materials [6-7]. However, this approach may give an incomplete pattern of the EP 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

500 

failure, including the improper distribution of stress-strain state in the bone - endoprosthesis system. Therefore, 
it is promising to develop numerical models of the mechanical behavior of the friction of the endoprosthesis 
with an explicit account for wear. 

The purpose of this work is to develop a multi-level numerical model of the mechanical behavior of the node 
of EP “head-acetabulum cup”, taking into account such geometric parameters of the TiN coating (PIRAC) as 
the coating thickness, its roughness and its mechanical characteristics. To achieve the goal, three tasks were 
set. The first task was to verify the models of materials of the friction unit; for this, a numerical model of the 
nanoindentation process of the coating - substrate system was built, then numerical calculations were 
performed, the processing results of which were compared with the data of experiments. It is known that during 
friction a large contribution to wear is made by the surface roughness. To reduce the computational costs, it 
was proposed to take into account the tribological characteristics and surface wear, in the macro model, 
through the coefficient of friction obtained by friction of the contacting surfaces at the micro level. Therefore, 
the second task was to create a numerical model of friction of materials of the contacting pair at the micro level 
and to conduct test calculations at the micro level. Wear in the coating was clearly taken into account through 
the value of the thickness of the layer in which the material was mixed during friction at the micro level. The 
third task was to create a numerical model of the friction node “head-acetabulum cup” at the macro level using 
data on the tribological characteristics of materials in the contacting elements obtained from the micromodel 
and carrying out numerical calculations. 

2. METHOD OF MOVABLE CELLULAR AUTOMATA 

The method of movable cellular automata [9] is a new efficient numerical method in particle mechanics that is 
different from methods in the traditional continuum mechanics. Namely, to construct a many-particle interaction 
model, the expression for the force acting on a discrete element i from the surrounding Ni particles should be 
written in the form (1): 
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Within the frame of MCA, it is assumed that any material is composed by a certain amount of elementary 
objects of finite size (automata) which interact among each other and can move from one location to another, 
thereby simulating a real deformation process. The automaton motion is governed by the Newton-Euler 
equations (2): 
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of its interaction (“contact”) with jth automaton, ijijij rRRn )/−(=
rrr

 is the unit vector directed from the center 

of ith automaton to the jth one and ijr is the distance between automata centers, ijK
r

 is the torque caused by 

relative rotation of automata in the pair.  

The total force acting on automaton i can be represented as a sum of explicitly defined normal n

ijF
r

 and 

tangential (shear) τ
ijF
r

 components (3): 
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where npair

ijF ,  and τ,pair

ijF  are the normal and tangential pair interaction forces depending respectively on the 

automata overlap hij and their relative tangential displacement shear

ijl
r

calculated with taking into account 

rotation of the both automata. Note, that although the last expression of equation (3) formally corresponds to 
the form of element interaction in conventional discrete element models, it differs fundamentally from them in 
many-particle central interaction of the automata. 

Using homogenization procedure for stress tensor in a particle described in [10], the expression for 
components of the average stress tensor in automaton i takes the form (4): 
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where α and β denote the axes X, Y, Z of the laboratory coordinate system, Vi is the current volume 

of automaton i, α,ijn  is the α-component of unit vector ijn
r

 and β,ijF  is β-component of the total force acting 

at the point of “contact” between automata i and j. 

The equations of motion (2) for the system of movable cellular automata are numerically integrated with the 

use of velocity Verlet algorithm modified by introducing a predictor for estimation of i

αβσ  at the current time 

step. 

3. CALCULATIONS 

For verification of materials models, a nanoindentation model was built (Figure 1, a) of the “coating-substrate” 
system. The indenter was defined as a rigid non-deformable diamond. The movement of the indenter was set 
through the velocity in the vertical direction. Next, a micromodel of the friction process was created for the 
contacting surfaces of the EP taking into account the average height of the surface layer roughness, depending 
on the mode of coating on the substrate. Since the knowledge of the tribological characteristics of the coating 
surface after loading cycles necessary for use in the macromodel, the substrate and the transition layer were 
not taken into account in the micromodels, the contacting blocks with roughness were located on bases that 
were a fixed base and a piston (Figure 1, b), for visibility contacting blocks are shown in different colors. The 
piston movement was set through the velocities. At the first stage, the velocity was applied in the vertical 
direction to contact the friction surfaces, then the speed was set in the horizontal direction to simulate friction. 
The macromodel consisted of acetabulum cup with an outer diameter of 52 mm and an EP head with a 
diameter of 28 mm (Figure 1, c). At the first stage, the head of the EP moved in the direction of the acetabulum 
cup and the contact of the surfaces, then one cycle of rotational movement along one direction was set using 
speed. 
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a b c 

Figure 1 The numerical models, presented in the form of a package of automaton a-nanoindentation, b-
friction, c-friction unit “head-acetabulum cup” of hip joint implant (numbers indicate the model materials: 1-

titanium, 2-interface, 3-coating, 4- diamond) 

According to literature data [11], the following parameter values were chosen for calculating Ti6Al4V samples: 
ρ = 4420 kg / m3, G = 41 GPa, K = 92 GPa, E = 107, σy0.02 = 0.99 GPa, σy = 1.07 GPa and εb = 0.10. The 
geometrical features of the TiN coating and its mechanical properties are determined by the deposition regimes 
during PIRAC [8] formation. So, at a deposition temperature of 700 ºC and a processing time of 48 hours 
of coating on a titanium substrate, it has a thickness of 1.3 μm with an average roughness height of 0.15 μm 
(1 mode) and an elastic modulus, and the elastic modulus values were E1 = 258 GPa; at a deposition 
temperature of 800 ºC and a processing time of 4 hours of coating on a titanium substrate, it has a thickness 
of 1.4 μm with an average roughness height of 0.132 μm (mode 2) and an elastic modulus of E2 = 258 GPa; 
at a deposition temperature of 900 ºC and a processing time of 2 hours of coating on a titanium substrate, it 
has a thickness of 1.5 μm with an average roughness height of 0.265 μm (3 mode) and an elastic modulus 
of E3 = 321 GPa. In accordance with this, the following values of the coating parameters were set: ρ = 5220 kg 
/ m3, G1 = 104 GPa, G2 = 104 GPa, G3 = 129, K1 = 173Gpa, K2 = 173GPa, K3 = 205 GPa. The data on the 
yield stress σy = 7.5 GPa, σb = 8.5 GPa, εb = 0.075 were obtained using the inverse analysis of the indentation 
curve [12]. 

4. RESULTS AND DISCUSSION 

 

Figure 2 Load-displacement curve P(h) for 
different application modes (numbers indicate the 

coating application modes) 

Figure 3 Dependence of the values of hardness on 
the depth of penetration (numbers indicate the 

coating application modes) 
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According to the results of processing the simulation data by the Oliver - Farr method [13], the dependences 
of the hardness of the systems under consideration on the depth of penetration of the indenter were obtained 
(Figure 2) for three types of coatings obtained with a different method of application. 

From the dependence shown in Figure 3, it can be seen that the hardest system is the composition of the 
substrate with the coating applied in the third mode. The results obtained correspond to the data published in 
[8], which in turn suggests that the material models are developed correctly and can be used to create a multi-
level numerical model of the friction node of the “head-acetabulum cup” of EP.  

 
 

Figure 4 Dependence of friction coefficient on the 
calculation time when modeling the process 

of friction at the micro level (numbers indicate the 
coating application modes) 

Figure 5 The stress intensity distribution in the 
friction unit of the EP with a coating obtained  

by the 3 application mode 

According to the results of test calculations the mechanical behavior of two contacting surfaces during friction 
at the micro level, the values of the friction coefficient and the thickness of the layer in which mixing occurred 
after one cycle were obtained. Further, obtained values were used in the macromodel of the friction node of the 
EP to describe the tribological properties of the contacting surfaces after one cycle, thus it was proposed to 
take into account the wear in the macromodel explicitly. Then, the motion of the EP head in the acetabulum 
cup was simulated and the stress-strain state of the friction unit was analyzed (Figure 5). According to the 
results of simulation 1 of the friction unit loading cycle, taking into account the data on the tribological state 
of the surfaces of the contacting elements obtained from the simulation results of the friction at the micro level, 
it was found that the highest stress value was observed in a friction pair with a coating applied at mode 3, and 
the minimum value for friction pairs obtained in the second mode of application. 

5. CONCLUSION 

This article presents a numerical multilevel model of the friction unit of friction of the EP of hip joint. For 
verification of models of EP materials, numerical nanoindentation experiments were performed. It is shown 
that the use of friction results for the contacting surfaces of the EP at the micro level in the macromodels of the 
friction unit hip joint is promising, since it allows one to explicitly take into account the wear in the macromodels 
through the value of the friction coefficient and the wear of the coating obtained in the micromodels. In the 
future, it is planned to carry out calculations for the multi-cycle loading of the friction unit of the EP using the 
proposed multilevel modeling approach. 
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Abstract 

Prevention of the non-specific adhesion of bacteria, cells or proteins to a solid surface is essential for 
sustaining the functionality and stability of medical implants. Poly(2-oxazolines) (POx) are a class of synthetic 
polymers, which among other features (e.g., biocompatibility, water solubility) possess anti-biofouling 
properties and accordingly, they are very promising for this purpose. In our contribution, we investigate the 
effect of cold atmospheric pressure plasma generated by diffuse coplanar surface barrier discharge (DCSBD) 
on thin POx-based films. Our main objective is to adjust the appropriate conditions of the plasma treatment to 
achieve the cross-linking of the POx layer, while the anti-biofouling properties stay maintained. For this 
purpose, POx-based statistical copolymer was deposited on plasma activated silicon wafers by spin-coating. 
Three various concentrations (2, 5, 10 wt%) of the POx solution resulted in three different thickness of the 
layer. Achieved POx layers were exposed to cold DCSBD plasma and chemical, and morphological changes 
were characterized by means of X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), 
Fourier-transform infrared spectroscopy (FTIR) and profilometry. Very similar values of roughness before and 
after treatment prove the minor effect of DCSBD plasma on the morphology of POx layer; however, FTIR 
spectra indicate the undesired etching of the POx layer during the higher exposure times. Despite that the 
cross-linking of POx layer was not confirmed by available methods, these results provide a good starting point 
for better understanding of specific processes and further adjusting the suitable conditions of plasma treatment 
for achieving stable POx coatings. 

Keywords: Poly(2-oxazolines), coating, anti-biofouling, DCSBD, atmospheric pressure plasma 

1. INTRODUCTION 

Due to the biocompatibility, synthetic versatility and potential anti-biofouling properties, nowadays 
poly(2-oxazolines) (POx) hold a leading position as a valuable alternative to the gold standard polyethylene 
glycol (PEG) in the biomedical area [1]. Till now, there are a plethora of examples for POx conjugates, micelles, 
modified surfaces, or hydrogels in connection with their possible applications as therapeutic, imaging and 
protein/cell repellent agents [2]. Another important application field is surface modifications of implantable 
medical devices, where biocompatibility and anti-biofouling properties are important to ensure their long-term 
stability and functionality. POx coatings, which are very promising for this purpose, are usually prepared by 
challenging multi-step grafting method [3], which includes the surface pre-treatment and functionalization. In 
addition, these procedures often employ harmful catalysts or solvents. In contrast to this complex procedure, 
a recently published plasma polymerization technique for POx-based surface coatings introduced more facile, 
effective and solvent-free method for the modification of various materials [4]. In that case, the POx layer was 
deposited in one-step by low-pressure plasma generated in the capacitively coupled bell-chamber reactor. 
Coatings with a thickness of tens nanometers were non-cytotoxic to human dermal fibroblasts, and biofilm 
adhesion significantly decreased from >99 % to 9.2 % [5]. However, the current applications of plasma in 
industry or medicine require the more economically friendly and simpler approach; therefore, the low-pressure 
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work regimes are often substituted by atmospheric pressure mode. Diffuse coplanar surface barrier discharge 
(DCSBD) [6] is a source of cold atmospheric pressure plasma which has a potential to be involved in many 
industrial or medical applications. Until now, DCSBD has been successfully used for surface activation [7], 
hydrophilic treatment [8] and adhesion enhancement [9] of various materials, as well as for bacteria and fungi 
decontamination [10] and plant seeds treatment [11]. In this study, we employed DCSBD for treatment of POx 
thin films deposited on the model substrate (silicon wafers) with the aim to achieve the homogeneous POx 
layer with anti-biofouling properties. Compared to multistep grafting or low-pressure plasma polymerization, 
this process should be faster, easier, and economically friendly. Our main objective in this work is to monitor 
the chemical and morphological changes in the thin POx film after the plasma treatment by means of X-ray 
photoelectron spectroscopy (XPS), atomic force microscopy (AFM), Fourier-transform infrared spectroscopy 
(FTIR) and profilometry. 

2. EXPERIMENTAL SECTION 

2.1. Materials and plasma specification 

The silicon wafers with dimensions 1x1 cm2 were used as the model surface for all experiments. They were 
ultrasonically cleaned in isopropanol, acetone, and water for 15 min and dried in the nitrogen flow prior to use. 
A statistical copolymer poly(2-methyl-2-oxazoline)-stat-(2-butenyl-2-oxazoline) (POx) with the degree 
of polymerization equal to 100 containing 5 % of butenyl groups in the polymer backbone (POx) was 
synthesized by the living cationic ring-opening copolymerization and characterized as previously described 
[12]. Polymer films were prepared by spin-coating the POx aqueous solutions (150, 250 and 350 µL) with 
different concentrations (2, 5 and 10 wt.%) on plasma activated silicon wafers (2000 rpm, 2 min) using a 
spin-coater WS-650 (Laurell Technologies).  

For plasma pre-treatment of silicon wafers and treatment of POx thin films, a diffuse coplanar surface barrier 
discharge has been used. During the experiments DCSBD was operated in ambient air at atmospheric 
pressure and it was supplied by sinusoidal voltage (20 kV peak-to-peak, 15 kHz) at input power 400 W. The 
distance between the treated silicon wafers or POx thin films and DCSBD ceramics was 0.35 mm. For pre-
treatment of the wafers, time 10 s was selected to achieve sufficient wettability. POx thin films were treated for 
3, 10 and 30 s. 

2.2. Surface analyses 

The thickness of spin-coated POx films was measured by DektakXT stylus surface profiler (Bruker). Before 
spin-coating, a small piece of tape was applied on the edge of silicon wafers, which was then removed before 
the thickness measurements. The step height between the film and wafer was evaluated on three independent 
wafers. Resulting thickness was determined from 5-10 spots on every wafer and expressed as an average ± 
standard deviation. Atomic force microscopy (AFM) measured by Ntegra prima (NT-MDT) microscope in semi-
contact mode was carried out to measure the root mean square (RMS) surface roughness of the POx films 
before and after plasma treatment. 

Chemical analysis of POx thin films was performed by X-Ray photoelectron spectroscopy (XPS) and Fourier 
transform infrared spectroscopy (FTIR). The XPS measurements were done on the ESCALAB 250Xi 
(ThermoFisher Scientific). The system is equipped with 500 mm Rowland circle monochromator with 
microfocused Al Kα X-Ray source. An X-ray beam with 200 W power (650 microns spot size) was used. The 
survey spectra were acquired with pass energy of 50 eV and resolution of 1 eV. High-resolution scans were 
acquired with pass energy of 20 eV and resolution of 0.1 eV. In order to compensate the charges on the surface 
electron flood gun was used. Spectra were referenced to the hydrocarbon type C1s component set at a binding 
energy of 284.8 eV. The spectra calibration, processing, and fitting routines were done using Avantage 
software. Infra-red spectra were measured by Bruker Vertex 80V spectrometer. The samples were measured 
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in transmission mode. All measurements were made at a vacuum of 2.51 hPa to suppress undesirable effects 
caused by the presence of ambient humidity and CO2. Each spectrum was scanned 100 times and evaluated 
by Bruker OPUS software (version 6.5). 

3. RESULTS AND DISCUSSION 

Statistical copolymer poly(2-methyl-2-oxazoline)-stat-(2-butenyl-2-oxazoline) (POx) was synthesized by 
cationic ring-opening polymerization and characterized by methods as previously described [12]. The resulting 
molar mass of the copolymer was 8,300 g mol-1, which approximately corresponded to the required degree 
of polymerization equal to 100, and the fraction of 2-butenyl-2-oxazoline was 5 % what corresponded to the 
percentage in the feed. As the recent studies indicate, such water-soluble POx (co)polymers should possess 
good biocompatibility and anti-biofouling properties [13,14], therefore we have chosen this material as suitable 
for anti-biofouling surfaces. POx thin layer was deposited by spin-coating on silicon wafers. The thickness 
of the layer was controlled by the different concentration of the aqueous solution (2, 5 and 10 wt.%). The 
volume of applied solution (150, 250 and 350 µL) during spin-coating did not influence the thickness of the 
layer; hence the resulting values listed in Table 1 were determined as an average from 6-8 samples 
disregarding the used volume (2-3 samples from each used volume). Samples with deposited POx layer were 
after that treated by cold atmospheric pressure plasma generated by DCSBD. POx samples with the lowest 
thickness (POx 2wt%) were excluded from the further discussion due to a nonuniform character of the film and 
possible removal of the thin layer by the plasma etching process. Plasma treatment often leads to 
morphological changes in the surface layer of many materials. Therefore, we evaluated the roughness before 
and after plasma treatment by AFM. Resulting values for three different plasma exposure times - 3, 10, and 
30 s are summarized in Table 1 and selected AFM images are depicted in Figure 1.  

Table 1 The values of POx film thickness and RMS roughness before and after plasma treatment 

Sample thickness (nm) RMS roughness (nm) 

Plasma treatment 
time (s) 

 
0          3  10  30 

Si wafer  0.15    

POx 2wt% 46.6 ± 20.6 - - - - 

POx 5wt% 167.56 ± 55.9 0.25 0.19 0.20 1.85 

POx 10wt% 361.93 ± 74.1 0.26 0.22 0.24 0.19 

 

Figure 1 Selected AFM images of a) cleaned Si wafer, wafer with deposited 10wt.% POx layer b) before 
plasma treatment, c) after 3 s and d) after 30 s of plasma treatment. Resulting RMS roughness values are 

inserted in the AFM scans 

Surface morphology is evidently different after the deposition of POx thin film on the silicon wafer 
(Figure 1 a, b), along with the roughness, which increased from 0.15 nm (wafer) to 0.25 or 0.26 nm for 5 and 
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10 wt.% solution, respectively. However, after the plasma application, only negligible changes occurred. 
Except the sample POx 5wt% treated for 30 s, all layers were slightly smoother compared to untreated POx 
film, which indicates the minor effect of gentle DCSBD plasma on the morphology of POx film. 

With the aim to reveal the chemical changes in the POx layer after the plasma treatment, X-Ray photoelectron 
spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) were employed. In general, plasma 
modification takes place on the upper layer of material, which represents approximately several tens of nm. 
XPS analysis is suitable for monitoring the surface, which was in direct contact with the plasma, while FTIR 
spectra provide the view into the deeper layer of studied material. Accordingly, the possible chemical changes 
can be detected. Nevertheless, the depth of penetration of the IR beam into the sample depends on many 
factors (crystal, the angle of incidence, sample’s refractive index, the wavelength of IR beam), and thickness 
of the layer limits such measurements. In our case, samples prepared from 2 wt% and 5 wt% POx solution 
with a thickness in the range 46.6 ± 20.6 and 167.56 ± 55.9, respectively, were under the detection limit of FTIR 
measurements. Already before the plasma treatment, the intensity of characteristic signals was very low (data 
not shown). For this reason, we report here only the results from samples POx 10wt% before and after plasma 
treatment (Figure 2). FTIR spectra of POx demonstrate the presence of typical amide carboxyl peak (1645 
cm-1), which corresponds to carbonyl stretching of the amide backbone of the POx chain. Another signal in the 
range 1420-1478 cm-1 is assigned to CHx symmetrical deformations, and small signal around 1260 cm-1 
appertains to C-N stretching [15]. The characteristics signals of the silicon wafer are in the range 500-1100 
cm-1; hence they do not overlap with POx peaks. FTIR spectra in Figure 2 demonstrate the decreasing 
intensity of POx typical absorption bands with the duration of plasma treatment. Plasma irradiation probably 
causes the etching of the POx layer and thus the removing of the upper layer of POx film leading to decreasing 
of the film thickness. Accordingly, the longer treatment times (10-30 s) are not suitable for achieving stable 
POx coatings. Formation of the new chemical bonds, which could confirm the cross-linking, was not detected 
by FTIR spectroscopy. 

 

Figure 2 FTIR spectra of Si wafer and POx 10wt% thin film before and after the plasma treatment 

Chemical composition acquired by XPS measurement is listed in Table 2. Average N/C and O/C ratio, as an 
indicator of surface oxidation, slightly increased due to the plasma treatment. The influence of the layer 
thickness was in all cases negligible, whereas with the increasing treatment time the new oxygen groups were 
formed and O/C ratio increased (e.g. POx 10wt% - 0.24, 0.29 and 0.46 for treatment time 3, 10 and 30 s, 
respectively). Additionally, a detailed analysis of the high-resolution C1s peak was performed. The C1s peak 
of untreated POx layer was deconvoluted into three components (Figure 3, POx_REF), which were attributed 
to C-C/C-H (284.8 eV), C-N (285.8 eV) and N-C=O (287.7 eV) bonds [14]. Air plasma is a great source 
of reactive oxygen and nitrogen species, therefore also in our case plasma treatment induced the formation 
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of additional C=O / N-C=O (287.7 eV) groups and new C-O (286.1 eV) and O-C=O (289.3 eV) functionalities 
(Figure 3, 0 days). In general, detection of the plasma-induced cross-linking is a serious challenge. Besides 
UV radiation, the plasma electrons interacting with the substrate can initiate a formation of radicals in the 
polymer chains and starting the cross-linking. However, also the chain scission can simultaneously occur. In 
our case, the most pronounced increase was achieved in a number of C-O and N-C=O/C=O groups, while the 
percentage of C-C and C-N bonds decreased. OH radicals produced in air plasma can abstract the hydrogen 
from polymer backbone and formed alkyl radicals, which initiate the incorporation of O-containing groups onto 
the polymer surface. On the other hand, there is an assumption that reduction of the percentage of C-C bond 
and forming of new C-O can indicate the disruption of the polymer chain and following creation of ether (C-O-
C) cross-linking junctions. 

Table 2 Concentration of elements (at%) and relative area of C1s chemical bonds (%) before (POx REF) and  
  immediately after plasma treatment (POx 5wt%, POx 10wt%) 

Sample 
plasma 

treatment 
time (s) 

N1s C1s O1s N/C O/C C-C C-N C=O C-O COO N-C=O 

POx 
REF 

0 14.2 69.7 16.1 0.20 0.23 38.1 48.6 0 0 0 13.3 

POx 
5wt% 

3 14.5 66.5 19.0 0.22 0.29 27.1 22.4 3.3 22.8 2.3 22.1 

10 14.7 40.6 44.7 0.36 1.10 18.6 20.2 8.6 30.5 4.5    17.5 

30 11.2 70.6 18.2 0.16 0.26 13.1 15.4 0 35.4 2.2 33.9 

POx 
10wt% 

3 13.7 69.5 16.8 0.20 0.24 21.9 20.3 5.8 24.9 0.8 26.4 

10 16.7 64.5 18.8 0.26 0.29 29.3 24.7 4.2 22.6 1.5    17.8 

30 17.5 56.4 26.1 0.31 0.46 22.5 18.0 8.4 24.3 3.3 23.6 

Ageing of POx layer in ambient air was monitored during the first 3 days and it is depicted in Figure 3 for. the 
selected sample POx 10wt% treated by DCSBD plasma for 30 s. Considerable increasing of C-O groups after 
three days could involve the post-oxidation. However, concerning the O/C ratio, no markedly changes 
occurred, values almost in all cases stayed maintained (data not shown). In summary, no considerable 
changes after three days were revealed. POx film exposed to plasma remained chemically stable while stored 
in air.  

 
Figure 3 Deconvolution of high-resolution C1s spectra of initial POx 10wt% film and its ageing (0, 1, 3 days) 

after 30 s of plasma treatment 

4. CONCLUSION 

The influence of cold atmospheric pressure plasma generated by diffuse coplanar surface barrier discharge 
on thin poly(2-oxazoline) films was evaluated during the different exposure time (3, 10 and 30 s). Very similar 
values of roughness before and after plasma treatment proved the minor effect of DCSBD plasma on the 
morphology of POx layer. However, FTIR spectra indicated the possible etching of the POx layer and thus the 
removing of the upper layer of POx film in the case of higher exposure time (10 and 30 s). Air plasma is great 
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source of reactive oxygen and nitrogen species, thus induced the oxidative reactions in the POx layer, which 
was revealed by the XPS. To detect the plasma-induced cross-linking is not trivial by using the FTIR and XPS, 
and in the future experiments, the additional measurement techniques as MALDI or SIMS could be utilized. 
Accordingly, using the inert gases instead of ambient air could enhance the cross-linking of the film, and it will 
be subject of further experiments. 
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Abstract  

In animal nutrition, the nanotechnology is mostly used for the preparation of nanominerals, especially trace 
minerals, due to their low bioavailability. These nanominerals also showed advantageous effects at lower 
doses compared to conventional minerals. In addition, nanominerals can improve digestive efficacy, immunity 
and overall performance in livestock. In that case, we suggested and synthesized four types of zinc phosphate-
based nanoparticles (ZnNPs), which achieved a significant antibacterial activity. After successful in vitro 
testing, we realized also in vivo study. We investigated the effect of zinc nanoparticles on rats after oral 
administration. Among others, the influence on total aerobic bacteria and coliforms in rat feces at day 10 or 
day 30 of treatment was monitored. In general, it has been observed a decrease of total aerobic and coliform 
bacteria population compared to untreated control group. 

Keywords: Antibiotics, antimicrobial activity, zinc nanoparticles, nanominerals, rats 

1. INTRODUCTION 

Nanotechnology is emerging technology which has massive potential to global revolutionize agriculture and 
livestock sectors [1]. With regard to animals, its major applications are in administration of drugs and probiotics, 
nutrients and supplements, diagnosis and treatment, and also they are useful in hormonal immune-sensors in 
the management of reproduction. In animal nutrition, the main use of nanotechnology is in preparations 
of nanominerals, particularly trace minerals, due to their low bioavailability [1,2]. Nanominerals are stable at 
higher temperature and pressure [3] and can be lightly taken up by gastrointestinal tract and consequently 
utilized in the animal system [4]. In addition, minerals as nanoparticles increase the absorption of trace 
minerals and reduce intestinal mineral antagonism, which consequently reduces minerals excretion and thus 
pollution of the environment. Nano-minerals can be used in animal and poultry feed for effective nutrient intake 
to make better use of feed and other dietary supplements. Studies also indicate that nutrition by nanoparticles 
also improved digestion, immunity and performance of livestock [1,5]  

The third most globally produced metal nanomaterial is nano zinc, particularly zinc oxide, which is one of the 
most studied representative of this type of particles [6]. The uniqueness of zinc is precisely the fact that it is 
the second most numerous trace element in animal body, but it cannot be stored in the body, so its regular 
intake in food is needed [7]. The reason for this sudden increase in demand for this type of nanoparticles is 
due to their better immuno-modulatory effect, but mainly antibacterial effects as the conventional Zn, or more 
precisely ZnO. Zn-based nanoparticles (ZnNPs) exhibited bactericidal effects against both, gram-positive and 
gram-negative bacteria [8, 9]. Within pathogenic bacteria, the species, which are responsible for the bacterial 
causes of severe secretory diarrhoea, especially in pre- and post-weaned piglets, are still dominant and still 
can be a significant cause of death. There are many different pathogens and factors that can cause diarrhoea 
so outbreaks should be investigated thoroughly. However, it is important to keep in mind that the use of nano 
Zn as an antimicrobial and immune agent depends on its dosage [7, 10-12]. 
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So far, the main source of zinc for feed supplementation is used in the form of its inorganic salts, such as zinc 
sulphate (ZnSO4), zinc chloride (ZnCl2) and zinc oxide (ZnO). However, bioavailability of zinc from inorganic 
sources has been found to be relatively low, and therefore it is important to looking for the other sources with 
higher bioavailability [13]. In this case, the major objective of this work was to synthetize zinc-based 
nanoparticles, specifically four types of zinc-phosphate nanoparticles, with the antimicrobial activity. These 
zinc-phosphate NPs (ZnNPs) were prepared by synthesis of zinc nitrate with hydrogen phosphate (ZnA and 
ZnB), diphosphate (ZnC) or triphosphate (ZnD). First of all, ZnNPs were charecterized by Dynamic light 
scattering (DLS) and Transmission electron microscopy (TEM). After that, these ZnNPs were examined for 
their antibacterial activity in vitro, using three different methods to determine their antibacterial effects. Because 
of the successful results from that part of the project, in next work we focused on the main purpose of the study 
- the in vivo experiments. The current study focuses on the effect of in-house prepared ZnNPs on rats after 
oral administration. 

2. MATERIAL AND METHODS 

2.1. Particle characterization 

ZnNPs were prepared by reaction of zinc nitrate with hydrogen phosphate (ZnA and ZnB), diphosphate (ZnC) 
or triphosphate (ZnD). The particle size and distribution were measured by dynamic light scattering, DLS, on 
a Malvern Zetasizer (NANO-ZS, Malvern Instruments Ltd., Worcestershire, UK). For visualization 
of synthetized particles, the transmission electron microscopy, TEM, were used. The images were taken with 
Tecnai F20 microscope (FEI, Eindhoven, Netherlands) at appropriate magnifications. 

2.2. Analyses of in vitro antibacterial activity 

The in vitro antimicrobial effect of synthetized ZnNPs and also with ZnO and commercial ZnO based NPs 
(ZnO-N) was determined and evaluated on three bacterial cultures − Staphylococcus aureus, Escherichia coli, 
methicillin-resistant S. aureus (MRSA). 

For counting of bacterial colonies, bacteria were diluted in Muller-Hinton broth to a concentration ∼1×108 
CFU/ml, and further diluted in tenfold steps. The cultures were mixed with samples to a final concentration 5 
mM, in ratio 9:1. After 2 h of incubation at 37 °C, 100 µl of each suspension was applied on agar plates. After 
24 h of incubation, the colonies were counted.  

Bacterial cultures at concentration ∼1×106 CFU/ml were used for the growth curves method. In 96-well 
microplate, these diluted cultures were mixed with samples in maximal concentration 5 mM in ratio 1:1, where 
total volume in one single well was 200 µl. The growth curves were carried out by measuring the optical density 
at 600 nm during 24 h (Multiskan EX; Thermo Fisher 144 Scientific, Bremen, Germany). 

For Live/dead assay, the MRSA culture (∼1×108 CFU/ml) was incubated with samples in ration 9:1 for 24 h, 
and the individual suspensions were then centrifuged and washed by 0.85 % NaCl solution. Fluorescent dyes, 
SYTO9 and propidium iodide (PI), were used for observation under fluorescence microscope (Olympus IX71 
inverted fluorescence microscope − Olympus, Tokyo, Japan). 

2.3. In vivo antibacterial testing 

For this experiment, a male rat of the Wistar albino strain was selected as a model animal. The rats were 
divided into 7 groups - four groups of rats were fed by Zn-phosphate NPs (ZnA, ZnB, ZnC and ZnD), the fifth 
was fed by ZnO, the sixth by commercial zinc nanoparticles (ZnO-N). The last group served as a control group 
(C) without a zinc supplementation in the diet. Each of them were administrated in a dose of 2000 mg Zn/kg 
diet. Feed and water were available ad libidum. The rats were treated with ZnNPs and ZnO during 30 days. 
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The experiment was carried out in the facility of the Institute of Animal Nutrition and Forage Production at 
Mendel University in Brno. Throughout the experiment, the microclimatic conditions in the laboratory were 
observed and controlled. 

2.4. Counting of total aerobic bacteria and coliforms  

The samples of rat's feces were collected at day 10, 20 and 30 of treatment. They were homogenized with 
sterile physiological solution 1:9 w/v. Then, the homogenate was furthermore serially diluted in tenfold steps. 
Subsequently, 1 ml of selected diluted suspension was places into empty Petri dishes and then potting by 
Plate count agar (PCA) and MacConkey agar (MCA) in duplicate. Total counts of aerobic bacteria from PCA 
and counts of coliforms from MCA were determined after 24 h of incubation in 37 °C. The results are expressed 
as CFU/g feces. 

3. RESULTS AND DISCUSION 

Four different precursors were used for ZnNPs synthesis, hydrogen phosphate for ZnA and ZnB, diphosphate 
for ZnC and triphosphate for ZnD, and the characterization of these particles was determined by DLS and 
TEM. By these two analyses, we find out that the ZnA and ZnB particles were in spherical shape with average 
diameter about 470 and 525 nm, respectively. Whereas ZnC and ZnD had irregular shape, and created small 
aggregates. The average diameter was then determined as 448 (ZnC) and 1030 (ZnD) nm. The different 
shapes are shown in Figure 1A. After the characterization of in-house prepared ZnNPs, the antibacterial 
activity against three bacterial species was investigated, and also the difference between individual particles 
connected with their structure was found out.  

 

Figure 1 (A) TEM images of synthetized ZnNPs, (B) inhibition effect of particles on three bacterial strains by 
spread-plate method, (C) the average amount of live and dead bacteria (SYTO9) and dead bacteria (PI) 

during microscope assay 

Three methods - counting of bacterial colonies, growth curves and Live/dead assay - have been employed to 
determine their antimicrobial effects, and their antibacterial activity was assessed. These analyses were 
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performed with synthetized ZnNPs and also with ZnO and commercial ZnO based NPs (ZnO-N) for 
comparison. By spread-plate method, the amount of viable bacteria after 5 mM Zn treatment and 24 h 
incubation was found out. Overview of % inhibition effects of ZnNPs and ZnO are shown in Figure 1B, where 
almost all types of Zn caused more than 90 % inhibition of bacterial growth. 

A significant trend of antibacterial activity was found out by measuring the optical density during 24 h. From 
these growth curves the minimal inhibition concentrations (MIC) were determined, and ranged from 1.25 mM 
for S. aureus and E.coli to 2.5 mM for MRSA type. It is known, that MRSA phenotype confer different resistance 
characteristics present in SCCmec genotype cassette, which are probably responsible for this lower efficacy 
[14]. In various MRSA isolates, a metal resistance genes were also found [15]. 

The bacteria viability was analyzed by the fluorescence microscopy. The individual images were taken on three 
fields of sight with a 20 µm approximation. From the resulting bacterial population, the average was calculated 
and the results are shown in the table in Figure 1C. From the given values, similar differences can be observed 
as are seen, in the physical characterization of the particles. While nanoparticles ZnA and ZnB treatment led 
to inhibition of bacterial growth, ZnC and ZnD did not reduce the bacterial growth, but they caused the increase 
of the dead cells. 

 

 
Figure 2 The ZnNPs effect on (A) total bacterial count and (B) count of coliform bacteria in rat feces 

After promising and successful tests, the effects of these ZnNPs were subsequently monitored in rats, 
specifically their effect on rats gut microbiota. There were investigated the effect of zinc nanoparticles on rats 
after oral administration (Figure 2). In general, a decrease in the bacterial population was observed compared 
to the untreated control group with the duration of the experiment.           

A 

B 
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The decrease in both, the total aerobic bacteria and coliforms in rats feces was monitored, especially at day 
30 of the treatment. After 10 and 20 days, few changes can be observed, but after 30 days there were apparent 
decrease of bacterial populations. Especially in case of nanoparticles types ZnA and ZnC the decrease 
of coliforms were significant (Figure 2B). Currently, these bacterial populations can cause digestive problems, 
if they are pathogens and their abundance is high in the intestines. They also cause problems with immunity 
and overall performance.  

4. CONCLUSION 

This work was concerned with testing the antimicrobial activity of zinc nanoparticles. At the beginning, their 
antibacterial effects were characterized in vitro by three testing methods against three bacterial strains. Zn-
based nanoparticles have shown sufficient antimicrobial activity, which was the key point for their testing 
throughout the whole animal organism, the rats. The zinc nanoparticles effect on intestinal microbiota has been 
evaluated during the 30 day period.  
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Abstract  

The present work is focused on preparation and characterization polysaccharide films based on 
methylcellulose. Films were doped with silver nanoparticles (AgNPs). AgNPs were prepared and stabilized by 
reduction of silver nitrate. Polyethylene glycol and glycerol were used as additives for better material properties 
of methylcellulose films. Properties of these films were analyzed with a number of analytical techniques. 
Wettability and water absorption of films were evaluated. Concentration of the AgNPs released into the solution 
during dissolution was studied by atomic absorption spectroscopy. The presence of AgNPs in solutions and 
solid films was monitored by the ultraviolet-visible spectroscopy. Solid films were dissolved at different 
temperatures and release of AgNPs from the film was observed during the dissolution time by the ultraviolet-
visible spectroscopy. The presence of AgNPs was confirmed both in the solid films and in the solutions by the 
above mentioned methods. It was found that additives changed materials properties. Our research was aiming 
on use of these films in medicine as a new type of wound dressing with antibacterial properties or as a drug 
delivery system.  

Keywords: Polysaccharides films, silver nanoparticles, methylcellulose 

1. INTRODUCTION   

Cellulose (β-1,4-glucopyranose) is the most abundant polysaccharides on the Earth. It belongs among a wide 
group of natural polysaccharides with excelent biological properties. Natural polysaccharides have excellent 
biological properties, such as non-toxicity, biocompatibility and biodegradability [1,2]. Their main advantages 
are good mechanical properties, easy preparation and low cost. Biological properties could be changed by the 
chemical or physical modification of their surface. Surface properties of the materials are inevitably bonded 
with tissue engineering, especially for polymers when improvement of the cell adhesion to the surface, the cell 
growth and uniformity are studied [3].  

Cellulose is commonly used in health care like wound dressing or as a pharmaceutical excipients. Nowadays 
i tis also used as a laxative.[4]. Cellulose is further used in the paper, textile, cosmetic, food and chemical 
industries. Nowadays, cellulose has a lot of derivatives e.g. organic esters - celulose acetate or propionate, 
inorganic esters - nitrocelulose, celulose ethers - methylcellulose, hydroxypropylmethyl celulose, 
carboxymethyl celulose, etc. Every derivatives have special properties like solubility. This work is focused on 
methylcellulose. It is hydrophilic white powder which dissolves only in cold water. Dissolved powder makes a 
clear viscous solution or gel [5,6,7]. 

This work is focused on the preparation of polysaccharide films based on methylcellulose. The prepared films 
were doped with silver nitrate yielding AgNPs embedded in the polysaccharide matrix [8,9]. The influence 
of addition of glycerol or polyethylene glycol on the material properties was studied. Wettability and water 
absorption of the films were evaluated. The UV-Vis absorption of prepared solution and dissolved films was 
measured. Release of AgNPs was studied by UV-Vis, too.  
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2. EXPERIMANTAL  

2.1. Material  

Methylcellulose (MC) and silver nitrate (AgNO3) were obtained from Sigma-Aldrich. Sodium citrate was 
purchased from Penta. Polyethylene glycol 400 (PEG 400) was obtained from Fluka Analytical and glycerol 
was purchased from Lach-Ner and distilled water. PEG 400 and glycerol were used plasticizers. 

2.2. Preparation of polysaccharide films 

Polysaccharide films were prepared via process shown in Figure 1. Chronologically: methylcellulose (2 g) was 
stirred in 200 mL distilled water. The solution was constantly stirred and heated at 80 °C [5,6]. After 45 min, 
suspension of MC removed from stirring and heating device. Suspension was cooled down for 20 min. The 
cooled-down suspension of MC was then placed in an ice bath. During the cooling down, 10 mL of sodium 
citrate (0.085 g of sodium citrate was dissolved in 10 mL of water) was slowly dropped to the suspension a 
then 10 mL of AgNO3 was added (0.085 g of AgNO3 was dissolved in 10 mL of water), too. This mixture was 
stirred for 30 min. After that, 4 mL of PEG 400 (or glycerol) were dropped to suspension. Suspension was still 
stirred. Then the solution was cooled down to the laboratory temperature and aliquots of 10 mL were poured 
into round silicone molds, 5 cm in diameter. The samples were dried for 17 h at 60 °C. Finally, we got round 
homogenous polysaccharide films. The rest of solutions was used to measurements as well. The other films 
were prepared by the same method under the condition of no PEG 400 or glycerol. These solutions and films 
were used to as control samples. 

 
Figure 1 Schema of the preparation of polysaccharide films with AgNPs 

2.3. Characterization methods 

The presence and concentration of AgNPs in solutions and on the surface of the prepared films were studied 
by Ultraviolet-visible spectroscopy (UV-Vis, LAMBDA 25, PerkinElmer, USA). 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). The release of AgNPs was observed at 2 different 
temperatures. Solid films were dissolved in ice bath 4°C and heated at 37°C. These solutions with release 
AgNPs were measured by UV-Vis. Concentration of release AgNPs from films was determined by atomic 
absorption spectroscopy (AAS). 

3. RESULTS AND DISCUSSION 

Three types of polysaccharide films based on methylcellulose were prepared. All these films contained AgNPs 
(Figure 2). First type of film was pristine, hereby referred as MC-Ag, consisting only of methylcellulose and 
AgNPs. The second type of film is here referred as MC-glycerol-Ag, consisting of metylcellulose film which 
was modified by plasiticizer glycerol during the preparation and also AgNPs. The third type is here referred as 
MC-PEG 400-Ag and it is aslo methylcellulose film which was modified by plasiticizer PEG 400 during the 
preparation. Then films with plasticizers and AgNPs were prepared, too. Films that contain AgNPs have 
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orange-brown of gray-green colour in solid state. The colour change indicates the presence of AgNPs, on the 
other hand polysaccharide films without AgNPs are pure /citace/. 

 

Figure 2 Prepared films: A - MC-Ag, B - MC-glycerol-Ag, C - MC-PEG 400-Ag 

3.1. Ultraviolet-visible spectroscopy (UV-Vis) of solution 

AgNPs were confirmed by UV-Vis spectroscopy in all three solutions that contained AgNPs. AgNPs have 
characteristic peak at wavelength around 400 nm [8]. Figure 3 shows that the highest absorbance had solution 
MC-Ag that was used to prepare MC-Ag film. Very similar peak with a little bit lower absorbance was observed 
for the solution MC-glycerol-Ag film. The lowest absorbance had solution MC-PEG 400-Ag. 

 
Figure 3 UV-Vis spectra of solutions for preparation MC films: A - MC-Ag, B - MC-glycerol-Ag, 

C - MC-PEG 400-Ag 

3.1. Characterization of solid films 

3.1.1. Wettability and water absorption 

Wettability and water absorption are very important properties of materials which could be 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. These properties are necessary to design 
wound healing material. The measurements of wettability and water absorption were done only with films that 
contained AgNPs. From Figure 4 is apparent that contact angles decreased with addition of plasticizers. The 
lowest wettability value and the highest contact angle value had film MC-Ag. On the other hand the lowest 
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contact angle was measured at film MC-PEG 400-Ag. The film MC-Ag, which had the highest value of contact 
angle, had also the highest value of water absorption. The lowest value of water absorption had film  
MC-glycerol-Ag. We found out that the addition of plasticizers significantly reduced the wettability and water 
absorption. Plasticizers also change material properties like elasticity. The films which only based on MC were 
stroger than the others film with additives.  

 

Figure 4 Wettability and water absorption of the prepared films 

3.2. Characteristics of dissolved films 

Due to the natural properties of methylcelullose, the solubility of prepared films and release of AgNPs were 
tested at distilled water. We chose two different temperatures: 4 and 37°C. The temperature of 4°C were 
chosen for termo was chosen due to the thermoreversible properties of the methylcellulose. And the 
temperature of 37°C as the temperature as the temperature simulating the warm human body.  We dissolved 
a quarter of the prepared film in conditions and then ultraviolet-visible spectroscopy (UV-Vis) was measured. 
The concentration of AgNPs of the dissolved films was also determined by atomic absorption spectroscopy 
(AAS). 

3.2.1. Atomic absorption spectroscopy (AAS) 

Atomic absorption spectroscopy was used to examine concentration of AgNPs that were released from the 
films in cold distilled water (4°C). During 3 days whole films were dissolved and all AgNPs were in the solution. 
Table 1 shows that after 3 days the highest amount of AgNPs contained film MC-Ag. The lowest amount 
of AgNPs was measured at film MC-PEG 400-Ag. In this case, it is possible that between MC and PEG 400 
or glycerol were created H bonds and thus did not completely reduce AgNO3 to AgNPs as was the case with 
Mc-Ag. The concentration was measured with experimental error ±5 %. 

Table 1 Concentration of released AgNPs studied by AAS  

Sample Ag (mg/L) 

MC-Ag 99.3  

MC-glycerol-Ag 88.1  

MC-PEG 400-Ag 82.1 
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3.2.3. Release of AgNPs from polysaccharide films 

The release of AgNPs from prepared films were studied by UV-Vis spectroscopy. Two different temperatures 
were used during the measurements. From Figure 5 show that the AgNPs were most released from the film 
MC-Ag. It is possible that hydrogen bond between AgNPs and MC were weaker and AgNPs were easier 
released from the film. It was observed that temperature of solution influenced the released of AgNPs. AgNPs 
released from the films more and more rapidly at 37°C than at 4°C.   

 

Figure 5 Differences in absorbance of released AgNPs from films: MC-Ag, MC-glycerol-Ag,  
MC-PEG 400-Ag 

CONCLUSION 

Three polysaccharide films based on methylcellulose were prepared. The presence of AgNPs was confirmed 
by UV-Vis and AAS. Prepared solutions were measured by UV-Vis before forming films. The highest 
concentration of AgNPs had MC-Ag films. It was found out that polysaccharides films containing plasticizers 
(glycerol, PEG 400) reduced wettability and water absorption. Release of AgNPs from polysacharide films 
were observed. It was found that the AgNPs were most released from the film MC-Ag. It was observed that 
temperature of solution influenced the released of AgNPs. AgNPs released from the films more and more 
rapidly at 37°C than at 4°C.   
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Abstract  

This is a first report for the synthesis of silver nanoparticles using branch extract of Betula pendula - one of the 
most common trees in Europe, China and southwest Asia. The present study is dealing with ecofriendly green 
synthesis of silver nanoparticles (AgNPs) using the aqueous extract of branches from B. pendula tree. The 
reaction mixture contained only the extract (10 or 25 % of the total volume of the reaction mixture) from the 
branches and the source of silver ion without the addition of any catalyst, surfactant or template. The bio-
synthesis was carried out at room temperature for 24 hours. The described method is perfectly green, simple, 
coast-effective and eco-friendly. Reducing substance from birch branches are purely natural and can be 
obtained simply without damaging the tree. The AgNPs were characterized by UV-vis., DLS and TEM. Surface 
plasmon spectra for AgNPs are centered at 430-436 nm. The synthesized AgNPs were found to be spherical 
in shape with size 22.7 ± 6.9 nm and 25.2 ± 7.5 nm, respectively for a reaction mixture containing 10 or 25 % 
of the extract. Biomolecules from branches acted as a reducing agent as well as stabilizer. Common green 
synthesis uses "green" parts of plants, especially leaves or fruits. It should be noted that in countries with 
alternating seasons, leaves are not available throughout the year. Branches, on the other hand, are available 
all year round and their composition is constant regardless of the season. 

Keywords: Green synthesis, Betula pendula, silver nanoparticles, eco-friendly 

1. INTRODUCTION 

Nanoparticles (NPs) of noble metals are used in a wide range of applications from electronics to biology and 
medicine. Nanoparticles thanks to its "nano" size exhibit properties entirely different from the bulk material. 
This is essentially a high surface to volume ratio which increases with decreasing size of the nanoparticles. 
The large free surface is particularly advantageous for catalytic purposes [1,2], as well as for enhanced Raman 
spectroscopy (SERS) [3,4]. Among the nanoparticles of noble metals silver occupies an important place due 
to its unique antibacterial properties [5-7]. With increasing demand for silver nanoparticles is also growing effort 
to prepare them in a way that is effective, but also inexpensive. Chemical preparation methods of nanoparticles 
with different size and shape are very well known. These methods often utilize strong reducing agents e.g. 
sodium borohydride [8], run at elevated temperatures, and often are used toxic or hazardous substances [9,10] 
or high pH [11]. On the other hand, so-called green syntheses as defined by Sharma [12] are based on 
selection of suitable solvent medium, they are environmentally friendly and reducing substances comes from 
nature. The main sources of reducing agents are plants [13-23], fungi [24] and microorganisms [25,26]. 
Reducing agent figures often as a stabilizer and capping agent [20,23,27] too. Because green synthesis take 
place under mild conditions, sources of reducing agents comes from nature and the additional chemicals are 
not necessary, this procedure is not only environmentally friendly, but also inexpensive. As already mentioned, 
frequently used parts of plants are, e.g. leaves [14,19,25,26,28], roots [27,29], seeds [18] or fruits [23]. In areas 
where there is a change of seasons it is not possible to obtain the leaves or fruits all year round. In contrast, 
bark, or parts of trees are available year-round. Yet there have only minimal information on the use of the bark 
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[16] for the preparation of nanoparticles. Data on the use of branches or whole wood extract are altogether 
missing. Our aim was to test using branches extract to bio-reduction of silver nanoparticles. As a suitable 
source of reduction substances appears to be silver birch tree, which is wide-spread throughout Europe, China 
and southwest Asia. Birch tree (B. pendula, Linné, 1753) is a genus of deciduous trees or shrubs of the family 
betulaceae.  It is a genus of mild to sub polar zone of the northern hemisphere, widespread mainly in the 
Eurasian region.  B. pendula also known under the name of silver birch or warty birch is a small to medium-
size tree with white peeling bark. Birch is typical for rapid growth; the thin ends of the branches can be easily 
removed without damaging the tree. The water content and composition of wood slightly varies depending on 
the season [30], but if dried branches are used, the water content does not play any role. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

All chemicals/reagents used in the study were of analytical grade and were purchased from Sigma-Aldrich, 
and they were used without further purification. All solutions were prepared with Milli Q water. 

2.2. Synthesis of AgNPs (silver nanoparticles)  

Accurate concentration of 10mM silver nitrate was prepared by dissolving AgNO3 in 25 ml of Milli Q water. A 
fresh solution was prepared before each experiment. Birch tree (Betula pendula) branches were collected from 
the tree in Olomouc town, Czech Republic during the beginning of March, 2017, at a time when the tree does 
not have leaves yet. The branches were cut into pieces of about 2 cm, rinsed with distilled water thrice followed 
by Milli Q water to remove the dust and other contaminants and then dried at 60°C for 24 hours to remove the 
moisture. Weight of dried branches compared to fresh halved. Then 10 g of dried birch branches were 
weighed, mixed with 100 ml of Milli Q water and boiled in a 250 ml Erlenmeyer flask under continuous stirring 
for 10 minutes. After cooling the extract was filtered using Whatman No.1 filter paper and stored at 4°C for 
further use. We have observed how the concentration of the reducing agent will affect the formation of AgNPs. 
Two different volume of branch extract (10 ml or 25 ml) was added to AgNO3 solution (final concentration 
of AgNO3 was 1 mM, total volume 100 ml) for bio reduction process at room temperature and observed for 
change in color. The final solution containing bio-synthesized AgNPs was centrifuged at 10 000 rpm for 15 
min. The precipitate was washed 3 times to remove unreacted silver ions, kept in petri dish and left in the oven 
at 60°C for 24 hrs. Dry AgNPs were scrapped and used for characterization.  

2.3. Characterization of AgNPs 

The bio reduction of Ag+ ions in solutions was monitored by measuring a spectrum of the reaction medium. 
The UV-VIS spectral analysis of the sample was done by using UV−VIS absorption spectroscopy with the 
Specord S 600 spectrophotometer (Analytik Jena AG). The average sizes and size distributions of the 
prepared noble metal NPs were determined by dynamic light scattering (DLS) using the Zetasizer Nano ZS 
(Malvern). The nanodimensions of the synthesized silver NPs were confirmed by transmission electron 
microscopy using the JEM-2010 (Jeol). Zeta potential was measured using the Zetasizer Nano ZS (Malvern). 
Fourier transform infrared (FTIR) spectral measurements were carried out to identify the potential biomolecules 
in Betula p. branch extract which is responsible for reducing and capping the biogenic silver nanoparticles. 
FTIR absorption spectra were measured on an FTIR spectrometer iS5 Thermo Nicolet employing attenuated 
total reflection (ATR) on a ZnSe crystal, using 64 scans with the resolution of 2 cm−1. Air-dried samples were 
placed directly on a ZnSe crystal and slightly pressed in order to remove any residual air containing humidity 
and CO2. 
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3. RESULTS AND DISCUSSION 

The addition of birch (Betula pendula) branch extract to the silver nitrate solution resulted in the change in 
color from light yellowish to dark yellow on incubation at room temperature (24 ºC). Color change of the 
reaction mixture containing 10 % and 25 % extract immediately after the addition of the extract, and after 24 
hrs. are shown in Figure 1. Silver particles exhibit dark yellow color in the solution because of the excitation 
of surface plasmon vibrations caused by the silver nanoparticles as described elsewhere [31]. The color 
gradually darkened with increasing time. The increasing concentration of silver nanoparticles was confirmed 
by UV spectrophotometry (Figure 2). The presence of the surface plasmon provides information about the 
size and the morphology of nanoparticles [31-33]. The larger volume of the extract of the reaction mixture 
showed higher reduction efficiency as seen in the UV-VIS spectra, as well as larger size of the nanoparticles 
and high yield. Nanoparticles reduced 10 % extract exhibited plasmon with a maximum at 430 nm, 25 % at 
436 nm respectively. Bio synthesis of silver nanoparticles was complete after 24 hours as can be seen from 
the spectra (Figure 2), location of maxima and peak height did not change since the twenty fourth hour.  

 

Figure 1 Reaction mixtures immediately after addition of birch extract (left), reaction mixture after 24 hrs. 
(right) 

 

Figure 2 UV-VIS. Absorption spectra recorded in time horizon from 0 to 25 hours. Mixture containing 10 % 
(v/v) of extract (left), and 25 % (v/v) of extract (right). 

The size and morphology of bio synthesized silver nanoparticles were examined using TEM (Figure 3) and 
DLS. The obtained data are summarized in Table 1. Size obtained from DLS was somewhat larger than TEM 
data. It is evident that the biosynthesized nanoparticles are more or less spherical in shape and their size 
variances in the interval between 7 and 37 nm. The nanoparticles prepared with 25 % extract showed more 
negative values of zeta potential, it can therefore be assumed that the stability of the dispersion is higher. 
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Figure 3 TEM images of silver NPs. 10 % extract (left), 25 % extract (right)  

Table 1  

 Size TEM Size DLS Zeta potential Absorption peak 

10 % extract 22.7 ± 6.9 nm 32.14 ± 0.08 nm -22 ± 0.86 mV 430 nm 

25 % extract 25.2 ± 7.5 nm 51.45 ± 1.49 nm -24 ± 0.63 mV 436 nm 

Fourier transform infrared (FTIR) spectral measurements were carried out to identify the potential biomolecules 
in birch tree branches extract which is responsible for reducing and capping the biogenic silver nanoparticles. 
Typical FTIR spectrum of Betula pendula branch extract is shown on Figure 4. 

 

Figure 4 FTIR spectrum of Betula pendula branch extract  

There are several characteristic bands. The finger prints region lied between wavenumbers ranging from 700 
and 1600 cm-1 and typical stretching of chemical groups was observed at 2800 to 3500 cm-1. The absorption 
bands at 1605 cm-1 and 1515 cm-1 are characteristic of phenyl ring skeletal vibrations of lignin macromolecules 
[34,35]. The broad band at 3350 cm-1 was due to presence of hydroxyls. The band 2917 cm-1 was contributed 
to methyl and methylene groups. In the finger print region band located at 1327 cm-1 was characteristic for the 
presence of methyl groups and 1076 cm-1 for alcohol groups. These bands originated from the functional 
groups present in the various tree metabolites of the branches extract. The functional groups such as -OH 
present in extract might be responsible for bio reduction of Ag+ to AgNPs. Betula p. is rich in tannins 
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(an astringent, bitter plant polyphenolic compounds that binds to and precipitates proteins) and other (poly)-
phenols. So the capping agents might be tannins or phenols and it’s -OH groups might be involved in bio 
reduction of silver nitrate. These results also correlate with the literature that had already been reported [22,27]. 

3. CONCLUSION 

This is a first report for the synthesis of silver nanoparticles using branch extract of Betula pendula. B. pendula 
branch extract was applied for bio reduction of silver ions and environmentally friendly green synthesis 
of spherical silver nanoparticles. Preparation of AgNPs was carried at room temperature for 24 hours and the 
reaction mixture was composed of only the extract from the branches and the source of silver ion. The 
described method is absolutely green, simple, coast-effective and eco-friendly. Biogenic silver nanoparticles 
are stable due to the layer of bioactive substances adsorbed on their surface and can be used for the same 
purposes as nanoparticles prepared by conventional techniques. Branches of a tree as a source of reducing 
agents are available for all seasons unlike the leaves or fruits, the composition of the branches is more less 
constant regardless of the season and the end parts of the branches used for the reduction can be obtained 
simply without greater damage to the tree.  
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Abstract  

At present, little is known about the health effects in the workers processing nanocomposites. In our study, 20 
researchers (41.8±11.4 y/o), handling nanocomposites for 17.8±10.0 years were examined pre-shift and post-
shift, together with 21 controls (42.7±11.5 y/o). Biomarkers of oxidative stress derived from lipids, nucleic acids, 
proteins and markers of inflammation were analyzed in the exhaled breath condensate (EBC). Aerosol 
exposure was monitored during three nanoparticle generation operations: smelting, welding and 
nanocomposite machining. Mass concentrations during these operations ranged from 0.120 to 1.840 mg/m3, 
and median particle number concentrations from 4.8x104 to 5.4x105 particles/cm3. Nanoparticles accounted 
for 40 to 95 % of particles, with Fe and Mn prevailing. Significant elevations were already seen in most 
oxidative stress markers and in several inflammation markers in the pre-shift samples relative to the controls. 
Significant associations were found between working in nanocomposite synthesis and the majority of EBC 
biomarkers. Chronic bronchitis was more frequent in researchers. A minor, but significant post-shift decrease 
of lung function parameters was found. We conclude that workers in nanocomposite synthesis may be at risk 
of developing airway disorders with time. From all the markers analyzed in EBC, the following markers were 
most robust and could be recommended for preventive examinations: 8-hydroxy-2-deoxyguanosine (8-OHdG) 
and 5-hydroxymethyl uracil (5-OHMeU) from nucleic acids; o-tyrosine (o-Tyr) and 3-nitrotyrosine (3-NOTyr) 
from proteins; and malondialdehyde and aldehydes C6-C13 from lipids. Among the markers of inflammation, 
tumor necrosis factor (TNF) and leukotriene B4 appeared to be the most useful.  

Keywords: Nanocomposites, exhaled breath condensate, oxidative stress, inflammation, spirometry 

1. INTRODUCTION 

Thousands of workers are engaged in the research and commercial scale production of nano-enabled 
composites. However, among tens of thousands of papers focusing on the research of the toxicity 
of nanoparticles found in PubMed, those concerning workers, i.e. the most exposed subjects, is very limited 
and will be mentioned in this study. The safety of nanoparticles for humans is the main goal of all in vitro and 
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in vivo testing [1-6]. Experimental studies especially highlight respiratory health impairment. A common feature 
of many aerosols in the workplace is their ability to generate reactive oxygen species, which induce oxidative 
damage to biomolecules, leading to the activation of redox signaling pathways [7,8]. Elevated markers 
of oxidative stress in the biological fluids pro-inflammatory markers, such as tumor necrosis factor (TNF), pro-
inflammatory leukotrienes (LTs), antioxidant enzymes and cardiovascular markers could give a signal 
of impairment. Lipid mediators, known to be immediately generated in response to tissue injury, might be 
strong candidates for priming this particle-triggered change of the inflammatory balance [9-10]. The results 
from the few publications focusing on exposed humans agree with the experimental studies [11-19]. 
Accordingly, our studies in 2012 and 2013, showed an elevation of markers of oxidative stress and 
inflammation in the exhaled breath condensate (EBC) [20] both in the production workers, and office 
employees, visiting the workshops for about 15 min a day [21-24]. In this article we focus on workers producing 
and handling nanocomposites as new materials with better technical characteristics, especially hardness and 
resistance. This study started in September 2015 and continues with a yearly follow-up of the group 
of researchers and matched controls.  

2. MATERIALS AND METHODS 

2.1. Working processes 

Researchers usually work in two workshops: welding and smelting of mixtures containing nano-additives in 
workshop 1, and machining of the finished nanocomposite in workshop 2. All tasks occur simultaneously in 
both workshops and last on average 2.5 hours. On the day of medical examination in September 2016, in 
workshop 1, 11 out of a total of 20 researchers performed welding on metal surfaces on mild steel (content in 
wt%): Fe, 97.39; Mn, 1.70; C, 0.24; Si, 0.6; P, 0.035; S, 0.035) and smelting at 760⁰C. In workshop 2, the 
remaining 9 researchers performed the machining of surfaces of nanocomposite blocks of geopolymers and 
epoxide resins with nanoSiO2 fillers. No respiratory protection was used. A detailed description of the working 
process was given in our last article [25]. 

2.2. Subjects 

EBC samples were collected in 20 nanocomposite researchers (15 men, 5 women, one smoker, 19 non-
smokers, with mean age 41.8±11.4 years; exposure duration 17.8±10.0 years). For simplicity, we refer to 
examinations of the researchers as pre-shift and post-shift, even though they were in fact post-exposure task 
measurements. The remainder of their total 8-hr shift was spent in their offices. There were 21 controls (15 
men, 6 women; two smokers, 19 non-smokers, mean age 42.7±11.5 years), working as office employees in 
the same town. 

2.3. Aerosol measurement 

Nano-aerosol monitoring was performed with several aerosol spectrometers, including a Scanning Mobility 
Particle Sizer (TSI SMPS 3936L, USA), and an Aerodynamic Particle Sizer (TSI APS 3321, USA), covering 
the size range of aerosol particles from 6 nm up to 20 µm. Additionally, an Ultrafine Condensation Particle 
Counter (TSI UCPC 3025, USA) was used to measure the total particle number concentration (3 nm -~1 µm), 
as well as three Optical Particle Sizers (TSI OPS 3330, USA) used to measure the number size distribution in 
the range of 300 nm-10 µm. Area and time integrated samplings were conducted using a Berner Low Pressure 
Impactor (BLPI, HAUKE GmbH, Austria) to sample aerosol particles onto 10 stages corresponding to their 
aerodynamic diameter covering the 25 nm - 13.6 µm size range. These samples were then analyzed by 
gravimetry, ion chromatography and Scanning Electron Microscope (SEM) (Tescan Indusem, Czech Republic) 
equipped by Energy-Dispersive X-Ray Spectroscopy (EDS) (XFlash detector 5010, Bruker, Germany) to 
analyze the elemental composition of size-resolved aerosol fractions, as previously described in detail [25]. 
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2.4. Biological samples  

EBC samples were collected using Ecoscreen Turbo (DECCS, Jaeger, Germany) All samples were 
immediately spiked with deuterium labelled standards, immediately frozen and stored at -80 °C for subsequent 
processing [20]. TNF was analyzed by a matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) 
and analyses of low-molecular biomarkers LTs were performed using liquid chromatography-electrospray 
ionization tandem mass spectrometry (LC-ESI-MS/MS), after solid-phase extraction (SPE), and MS/MS 
detection were used [22,25].  

2.5. Statistics    

Basic descriptive statistics were calculated using Microsoft Excel 2013. Following tests were used for statistical 
comparisons of the pre-shift and post-shift markers (both within workers and between workers and controls): 
T-test, Mann-Whitney U test, paired sample t-test and the Wilcoxon signed-rank test. The bivariate relationship 
between the variables under study was assessed using the Spearman correlation coefficient. A multiple 
regression analysis was used to predict the markers in EBC by a set of predictors. All analyses were conducted 
using SPSS version 22.0 (SPSS, Inc., Chicago, Illinois, USA). 

3. RESULTS AND DISCUSSION 

Exposure data concerning aerosol measurements were provided in detail in our previous manuscript [25]. The 
average total mass concentration in the workshops was 0.120 mg/m3 during smelting, 0.804 mg/m3 during 
machining, and 1.840 mg/m3 during welding. The total median particle number concentration was 1.3 x 105 
particles/cm3 (particles/cm3) during welding, 4.8 x 104 particles/cm3 during smelting and 5.4 x 105 particles/cm3 
during machining. The highest proportion of particles smaller than 100 nm in diameter was found during 
smelting (95 %), followed by machining (61 %), and welding (40 %).  

The group characteristics did not differ significantly, including smoking (5 % smokers among workers with 10 
pack-years; 9.5 % in controls with average 14 pack-years). Chronic bronchitis and dyspnea, associated with 
minor limitations in ordinary physical activity, were only found in the exposed researchers (20.0 % and 15 %, 
respectively). A cough was 5 times more frequent than in the controls. A significant decrease in forced 
expiratory volume in 1 s (FEV1) and FEV1/ forced vital capacity (FVC) was found in the researchers post-shift 
(p˂0.05).  

   

Figure 1 Markers of oxidation of lipids (left) and markers of oxidation of nucleic acids and proteins (right)  
MDA=malondialdehyde, HNE=4-hydroxy-trans-nonenal, HHE=4-hydroxy-trans-hexenal, C6-13=aldehydes 

C6-C13, 8-isoprostane=8-isoProstaglandin F2α, 8-OHdG=8-hydroxy-2-deoxyguanosine, 8-OHG=8-
hydroxyguanosine, 5-OHMeU=5-hydroxymethyl uracil, o-Tyr=o-tyrosine, 3-ClTyr=3-chlorotyrosine,  

3-NOTyr=3-nitrotyrosine *p<0.05, **p<0.01, ***p<0.001 
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The majority of the pre-shift and post-shift markers of oxidative stress and the three markers of inflammation 
were already elevated pre-shift, as shown in Figure 1 and Figure 2. Additionally, all markers of oxidation 
of lipids reacted by post-shift elevation (Figure 1, left). However, no difference was seen between the markers 
of inflammation and markers of oxidative stress in the subgroups of the 11 researchers working in workshop 
1, and 9 researchers from workshop 2. The only exception was 8-isoProstaglandin F2α (8-isoprostane), 
produced by free-radical lipid peroxidation of arachidonic acid, which was higher both pre-shift and post-shift 
in the researchers from workshop 1 (p˂0.05) [25].  

Both experimental and epidemiological studies have indicated that chronic inflammation is involved in, and 
plays a critical role in, several chronic diseases, including respiratory and cardiovascular diseases, and lung 
tumorigenesis. 

  

Figure 2 Markers of inflammation  
TNF=tumor necrosis factor, LT=leukotriene B4, C4, D4, E4, *p<0.05, **p<0.01, ***p<0.001 

3. CONCLUSION 

Handling nanocomposites is very complex and may lead to exposure nanoparticles in the workplace aerosol 
during welding, smelting of the metallic products at hot temperatures and machining and grinding 
of geopolymers epoxide resins with nanocomponents [26-27]. Since inhalation remains the major exposure 
pathway to nanoparticles during nanocomposite manufacturing, the respiratory system is the main portal 
of entry and the primary target organ of concern [28-30]. The initial minor effects on the obstructive parameters 
of lung function have been observed. EBC markers of oxidative stress and inflammation were already elevated 
in the pre-shift samples, therefore they may be useful in monitoring the chronic effect. The markers of oxidation 
of lipids may reflect the early effect of the shift. EBC is one of the few means of non-invasive monitoring 
of individuals exposed to nanoparticles. These markers could be further tested for their potential use in 
preventive examinations of the workers in parallel with spirometry.  
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Abstract 

Copper (Cu) is a biogenic element that plays an important role in many biological processes. Cu is also used 
in various industrial products and its nanosized form has antibacterial and antiviral properties. Cu nanoparticles 
(NPs) are further applied in industry, chemistry and electronic devices. When compared with other metal oxide 
NPs, Cu NPs are less commonly used. However, the potential of copper oxide NPs (CuO NPs) to induce 
cytotoxicity and DNA damage in vitro was higher than that of other tested NPs. Despite this fact, studies on 
CuO NPs toxicity are relatively scarce and their effects on human health have never been investigated. In vitro 
tests in model cell lines showed the ability of CuO NPs to cause oxidative stress, but induction of apoptosis 
and cell cycle arrest were also observed. In animal studies, inflammatory responses in lungs were most 
common, but some studies revealed damage to other organs, including the brain. Considering toxicity of CuO 
NPs and the fact that these NPs are routinely manufactured and used in various products, more research is 
needed to elucidate mechanisms of their negative health effects in humans. 

Keywords: CuO nanoparticles, toxicity, experimental systems 

1. INTRODUCTION 

As other metal-based nanoparticles, copper oxide nanoparticles (CuO NPs) may enter body either by 
inhalation, dermal or ingestion route. For human exposure, the inhalation route is usually the most significant 
one, particularly for occupational exposures. In the body, nanoparticles (NPs) may reach lungs, where they 
can be deposited, but also other organs, including the central nervous system. Their presence usually causes 
oxidative stress or inflammatory responses. 

Copper (Cu) is a biogenic element with 
many biological functions. Cu is 
necessary for the proper growth, 
development and maintenance 
of bones, connective tissues and 
various organs [1]. It is involved in the 
stimulation of immune system in the 
protection against infection, in repair 
of injuries and healing. It plays an 
important role as a cofactor in some 
enzymes (e.g. superoxide dismutase, 
cytochrome oxidase), has roles in cell 
signaling and cell proliferation. In 
mollusks and some arthropods Cu is 
responsible for oxygen transport. Also, 
its metabolism is critical for tumor 
progression [2]. Nanosized Cu has 
antimicrobial and antiviral properties 
and is therefore used is face masks, 
wound dressings and socks [3]. It is 
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Figure 1 Overview of application and toxic effects of copper 
oxide nanoparticles 
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further applied in conductive films, lubrication, nanofluids, gas sensors, solar cells, lithium batteries and 
catalysts. Cu-based nanostructures are also used in various electronic devices, e.g. inkjet printers [4] 
(Figure 1). Unlike some other nanomaterials, Cu-based materials are relatively cheap. The global production 
of CuO nanoparticles (NPs) was 570 tons in 2014 and it is estimated to increase to 1600 tons in 2025 [5]. In 
comparison with other metal-based NPs (e.g. Ag or Zn), Cu-based NPs are less commonly used. Similar to 
other metal-based NPs, toxicity of Cu-based NPs depends on solubility of the material. In general, solubility 
depends on pH, dissolved organic carbon content and water hardness [3]. Acidic pH increases solubility; 
similarly, organic material may coat and disperse NPs thus supporting solubility. 

2. TOXICITY OF CuO NANOPARTICLES IN VITRO 

The production of CuO NPs is relatively low when compared with other metal oxide NPs. Nevertheless, CuO 
NPs properties and behavior in biological systems make them an important subject for toxicological 
investigation. Theoretical mechanisms of CuO NPs toxicity include (1) release of Cu ions from the surface 
of NPs, (2) oxidative damage mediated by Fenton-type reactions [reactive oxygen species (ROS) generation] 
induced by particles and (3) cell death associated with autophagy caused by CuO NP exposure. Autophagy is 
manifested by formation of autophagosomes that engulf and degrade defective proteins and organelles thus 
protecting the cells from damaged structures and helping the cells to survive. However, autophagy may also 
lead to cell death that is independent from apoptosis. 

Although metal oxide NPs (e.g. Cu, Zn, Ti, Fe, Si) share similarities in their biological effects often mediated 
by ROS production, CuO NPs have been shown to have the highest potential to induce cytotoxicity and DNA 
damage in vitro [6]. This seems to be related to the ability of CuO NPs to better overwhelm antioxidant 
defenses of the organism. Toxicity of metal-based NPs may be caused by both ions and the particles 
themselves. These effects depend on the ability of NPs to release ions in the aqueous environment. CuO NPs 
have been shown to release Cu ions in culture medium but not in water [7], but the results on negative 
biological effects of the released ions are conflicting (reviewed in [6]): Cu ions accounted for part of the 
cytotoxicity of CuO NP in A549 [7] and BEAS-2B cells; however, other authors did not observe any contribution 
of Cu ions to toxic effects of CuO NPs in HEp-2 cells and A549 cells concluding that particles themselves are 
mostly responsible for toxicity of CuO NPs. 

Toxicity of CuO NPs has been investigated in various cell lines in several studies; most of them observed 
oxidative stress-related response (for overview of in vitro effects see Figure 1). Thus, damage to mitochondria 
leading to increased production of ROS has been observed in A549 cells exposed to CuO NPs suggesting 
induction of oxidative damage [8]. CuO NPs have been further shown to induce lipid peroxidation, trigger 
intracellular signaling resulting in oxidative stress response and induction of apoptosis. In another study, CuO 
NPs generated ROS that subsequently induced the expression of p38 and p53 indicating induction of DNA 
damage in A549 cells [9]. CuO NPs have been further shown to cause oxidative stress induction measured by 
increased levels of 8-isoprostane and glutathione levels in human airway epithelial cells. Oxidative stress may 
induce autophagy; there are reports indicating that CuO NPs exposure is linked to this process in A549 cells 
[7]. On the other hand, CuO NPs may cause autophagic dysfunction by affecting lysosomal enzymes or 
disrupting vesicle trafficking [10]. 

Other processes potentially mediating toxic effects of CuO NPs have also been investigated. Apoptosis as a 
mechanism induced by CuO NPs was described (reviewed in [10]). The response is initiated by ROS 
generation resulting in destruction of mitochondrial membrane. This process results in activation of p53 which 
increases Bax/Bcl2 ratio. CuO NPs cause cell cycle arrest and DNA damage that was manifested by γ-H2AX 
formation [11]. CuO NPs may also induce IL-8 production which may consequently cause activation of NF-κB 
pathway [11]. CuO NPs may be associated with selective damage to cellular membranes because they release 
some amino acids, mostly glutamate, and cellular K+ [10]. CuO NPs have been shown to bind to proteins via 
hydrogen bonds [12]. This may result in changes of protein phosphorylation and ubiquitination which plays an 
important role in cell signaling. 
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CuO NPs may affect gene expression through epigenetic mechanisms, specifically by histone modification 
[13]. They upregulate the expression of DNA repair proteins and directly interact with structural elements of the 
cell (e.g. cytoskeleton). This may disrupt mitotic spindle and cause aberrant cell division [10]. CuO NPs further 
directly interact with DNA causing replication arrest possibly leading to genome instability. 

Molecular mechanisms of CuO NPs cytotoxicity in A549 cells were assessed using whole genome gene 
expression analysis. Exposure to CuO NPs caused upregulation of the expression of 648 genes and 
downregulation of the expression of 562 genes [7]. These genes included e.g. those involved in nucleic acids 
metabolic processes, response to stress, cell cycle, mitosis, cytokinesis, chromosome segregation, cellular 
component organization and morphogenesis. Genes encoding heat shock proteins or DNA damage-inducible 
genes were in the category of response to stress. This suggests that CuO NP stimulate protein denaturation 
and induce cell cycle arrest in the G1 and G2 phases. On the other hand, p53 protein does not seem to play 
a major role in the response to CuO NPs treatment. Cu ions alone induced expression of superoxide dismutase 
2 and genes encoding metallothionein isomers. Proteins encoded by these genes help to protect the cells 
against oxidative stress induced e.g. by the presence of Cu ions. Thus, in A549 cells CuO NPs seem to 
damage both mitochondria and DNA; Cu ions contribute to the mitochondrial damage and lead to cell cycle 
arrest. 

3. TOXICITY OF CuO NANOPARTICLES IN VIVO 

Although in vitro tests in model cell lines provide information on cellular mechanisms of CuO NPs exposure 
and give general hints on their toxicity, experiments in laboratory animals represent a more relevant approach 
to assess the impact of CuO NPs exposure on human health. Despite this fact, such animal studies are relative 
scarce. Most of them were conducted in rodents and focused on pulmonary and neurotoxic effects, but also 
on changes in other organs associated with CuO NPs exposure (Figure 1). 

Effects of various ways of pulmonary delivery of CuO NPs were investigated in both rats and mice (reviewed 
in [1]). Most of the studies reported inflammatory responses. Thus, lung instillation of CuO NPs <50 nm 
induced acute and chronic inflammation in rats. In another study, intratracheal instillation of CuO NPs induced 
neoplastic lesions [14]. A decrease in levels of antioxidants following intratracheal instillation was detected by 
another group [6]. Yokohira et al. studied CuO NPs toxicity in F344 male rats after intratracheal instillation and 
observed numerous negative effects including acute cell death, neutrophil infiltration or edema [15]. Cho et al. 
reported that intratracheal instillation of CuO NPs caused inflammation in lungs of rats both after 24 h and 4 
weeks postinstillation [16]. Gosens et al. focused on pulmonary toxicity of CuO NPs in rats after a short-term 
inhalation exposure [17]. The animals were exposed to five doses of CuO NPs for five days, 6 hours/day and 
examined either 1 day or 22 days after exposure. The exposure resulted in inflammation and cytotoxicity 
detected 24 hours after the treatment. Histopathological examination of the lungs revealed alveolitis, 
bronchiolitis, vacuolation of the respiratory epithelium and emphysema of the lung. These effects almost 
completely resolved after a 3-week post exposure period. Thus, clearance of NPs is an important factor 
affecting their toxicity. Hirano et al. reported that intratracheally-instilled CuO NP had a clearance half-time 
of 37 h [18]. 

So far, there is only one study that focused on analysis of whole genome transcriptional changes after 
inhalation of CuO NPs [19]. The authors exposed rats for 6 hours to two doses (3.3 mg/m3 and 13.2 mg/m3) 
of CuO NPs and analyzed transcriptomics response 1 day post-exposure and after a 22 day recovery period. 
The exposure resulted in deregulation of about 1000 genes in the high-dose group and about 200 genes in 
the low-dose group. After the recovery period, the number of deregulated genes dropped to about 20. The 
main processes affected by the exposure included cell proliferation/survival and inflammation. Interestingly, no 
oxidative stress related pathways were affected. The authors observed proliferation of alveolar epithelial cells 
and detected upregulation of CCl2 (monocyte chemoattractant protein 1) both on the level of mRNA and 
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protein and upregulation of ECT2 oncoprotein. Finally, no aberrant DNA methylation of inflammation-related 
genes was observed. 

Intranasal instillation of CuO NP caused pulmonary inflammation, induction of apoptosis, collagen 
accumulation and expression of the progressive fibrosis marker α-SMA in C57BL/6 mice [21]. The animals 
were exposed to 3 doses of CuO NPs and lung tissue was collected on day 7, 14, 21 and 28. Interestingly, in 
another nasal instillation study necrosis of hepatocytes in the liver of exposed mice was observed [1]. In these 
animals, renal glomerulus and olfactory bulb were also affected. Intraperitoneal injection of CuO NPs resulted 
in increased frequency of micronuclei and induction of oxidative DNA damage in mice [21] indicating genotoxic 
effects of these NPs. Whole-body inhalation was accompanied by increased levels of inflammation markers in 
mice. The effects were persistent even 3 weeks post-exposure [1]. 

Although few investigations have been performed, the current data indicate that CuO NPs are neurotoxic [22]. 
In animal studies, they altered function of blood-brain barrier, damaged neurons and caused brain edema. 
Oxidative damage and neuronal apoptosis was also observed [22]. Significant toxic effects of CuO NPs 
of various sizes and concentrations were detected in dorsal root ganglion neurons of rats [1]. Neurotoxicity 
of Cu NPs following intraperitoneal, intraveneous, intracarotid and intracerebroventricular administration was 
detected in mice and rats [1]. Importantly, nasal instillation of CuO NPs affected brain tissue of experimental 
mice [23]. The exposure caused various pathological changes in neurons, including chromatin congregation 
and mitochondria shrinkage in olfactory cells, or increase of endoplasmic reticulum and disassociation of ER 
ribosomes in hippocampus. No change in antioxidant enzymes expression was observed, although 
malondialdehyde levels significantly increased. 

Based on the tests in crustaceans, algae and fish, CuO NPs have been classified as toxic to aquatic organisms 
[3]. The effect of CuO NPs exposure on changes of expression of selected genes was studied in marine bivalve 
Mytilus edulis [24]. The mussels were exposed to CuO NPs for 24 h and expression of genes involved in 
immune response, antioxidant activities, cell metabolism, cell transport and cytoskeleton was assessed. The 
authors also compared the effect of Cu ions with the impact of the particles. The authors observed deregulation 
of expression of a number of genes, including e.g. β-tubulin, actin, antioxidant enzymes (catalase, SOD) and 
cell cycle control genes (p53, Gadd45). In general, the effects were more pronounced after treatment with CuO 
NPs than Cu ions suggesting the toxicity of CuO NPs is not caused solely by Cu ions release. 

So far, no study investigated negative health effects of CuO NPs exposure in human populations. 
Nevertheless, the increased cancer risk among copper smelter workers suggests that Cu NPs exposure is 
harmful to humans [1]. The only study that used human samples to investigate toxicity of CuO NPs focused 
on human blood cells [25]. Lymphocytes obtained from blood of healthy volunteers were treated with CuO NPs 
and several parameters, including cell viability, ROS production, lipid peroxidation, glutathione levels and 
mitochondrial and lysosomal damaged were analyzed. The results indicated effects on cell viability associated 
with increased ROS production along with mitochondrial and lysosomal damage. 

4. CONCLUSIONS 

CuO NPs are used in many industrial products and as antimicrobial agents. Although their production is lower 
than other metal-based NPs, their toxicity is high. In vitro they have been shown to induce oxidative stress, 
apoptosis and cell cycle arrest. In laboratory animals exposed to CuO NPs inflammation was most commonly 
detected, but neurotoxicity was also noted. Due to potential negative health effects of exposure in humans, 
more studies are needed to better characterize mechanisms of CuO NPs toxicity. 
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Abstract 

Many experimental studies have demonstrated the ability of nanoparticles to induce DNA damage and 
oxidative stress in a number of organs, probably due to the formation of reactive oxygen species. Our 
knowledge, however, is still limited, especially as regards the persistence of genotoxic effects after long-term 
exposure to nanoparticles and their health risks. We decided, therefore, to analyze DNA damage in 
lymphocytes of workers long-term exposed to nanoparticles due to processing of nanocomposite materials. 

Exposed group involved 20 employees examined pre-shift and post-shift, samples from 20 controls were taken 
in the morning. Lymphocytes were isolated from heparinized blood on a ficoll gradient and frozen until further 
processing. An alkaline comet assay with enzymes of excision DNA repair (Fpg and Endo III) was used to 
detect DNA damage.  

Within the exposed group, the values of total DNA damage in post-shift samples slightly exceed those in pre-
shift ones, but the difference was not statistically significant (% tail DNA 4.47 ± 1.43 vs 3.95 ± 1.23, 
respectively). Compared to controls, however, the workers showed significantly higher levels of genotoxic 
damage, both in terms of DNA breakage (% tail DNA 3.08 ± 1.04 vs 1.63 ± 0.50, respectively; p<0.0001), and 
oxidized bases (% tail DNA 0.88 ± 0.41 vs. 0.57 ± 0.25, respectively; p <0.01). Our preliminary results thus 
indicate that long term occupational exposure to nanoparticles is associated with an increased risk of DNA 
damage. 

Keywords: Genotoxicity, human, comet assay, nanoparticles, occupational exposure 

1. INTRODUCTION 

The current period is characterized by an extensive development of nanotechnologies and nanomaterials, and 
toxicologists thus face a number of questions about the possible health risks of long-term exposure to 
nanoparticles (NP). The harmful biological effects of NP are usually associated with induction of reactive 
oxygen species (ROS). Overproduction of ROS may induce oxidative stress and subsequent failure 
of physiological cell functions resulting in DNA damage, disturbance of cell signaling, protein and lipid 
alterations, cytotoxicity, apoptosis and carcinogenesis [1-2]. Such effects have been described in a number 
of in vitro and animal in vivo studies [3-5]. Nevertheless, it is difficult to extrapolate simply these results to 
judge the effects in human and so far only few studies reported the human response to NP [6-8]. Namely the 
workers handling nanomaterials represent a population potentially at risk of chronic effects due to day-to-day 
exposure at the workplace.  

Alkaline version of single-cell gel electrophoresis (comet assay) with an analog of mammalian OGG1-
formamidopyrimidine DNA glycosylase (Fpg) and endonuclease III (Endo III) allows the detection of DNA 
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strand breaks, alkali-labile sites, transient gaps arising during base excision repair, as well as a broad spectrum 
of oxidized purines and pyrimidines [9]. Recently, this approach has been approved as a reliable test for 
genotoxicity of nanomaterials [10-11]. 

In our study we therefore used comet assay with the aim to assess DNA damage in lymphocytes of workers 
long-term exposed to nanoparticles during manufacturing and processing nanocomposite materials. 

2. METHODS 

2.1. Study groups 

The exposed group involved 20 nanocomposite-synthesizing and processing workers (13 men and 7 women), 
the control group consisted of 20 volunteers (13 men and 7 women) from the same town, not employed in this 
plant nor occupationally exposed to dust or other health risks. All participants of the study completed 
questionnaire on personal and occupational history, medical treatments, dietary habits, smoking habits, and 
alcohol intake. History of tuberculosis, myocarditis, congenital heart disease, lung cancer, and recent fever 
and/or common cold symptoms were the criteria for exclusion from the study.  

The workers used personal protective equipment for welding (welding helmets, leather gloves and leather 
aprons) and smelting (gloves). No respiratory protection was used during any of the procedures. 

2.2. Exposure 

The workers were exposed to nanoparticles (NP) during three different operations: welding on metal surfaces, 
smelting of mixtures containing nanoadditives, and machining of the finished nanocomposite. Iron, manganese 
and silicon represented the highest proportion of elements in the workplace aerosols generated during 
synthesis and post-processing of nanocomposites and associated operations. Detailed information about the 
chemical and physical characterization of nanoparticles and aerosols such as the concentration, size 
distribution and elemental composition has been already reported [12].  

2.3. Blood collection and processing 

Workers provided blood samples before and after aerosol exposure in the workshop during September 2017. 
For simplicity, these examinations are referred to as pre-shift and post-shift, despite that the workers spent the 
remainder of their total 8-hour shift in the office. The controls were withdrawn only once at approximately the 
same time of day as workers. The pre-shift samples were taken to study the subacute/chronic effects resulting 
from previous exposures, comparison of the pre-shift and post-shift samples was performed to assess the 
acute effect of exposure during the shift. 

Lymphocytes were isolated from the whole heparinized blood by density gradient centrifugation over Ficoll-
Paque PLUS (Sigma, Germany) and washed with phosphate buffered saline (PBS). Then, the cells were 
diluted with freezing medium as described earlier [13] and stored at -80 °C until the further processing. 

2.4. DNA damage assessment 

DNA damage was analyzed using an alkaline version of the comet assay [14-15]. The cells were quickly 
thawed in a 37 °C water bath, and the viability of cells was estimated by trypan blue exclusion. The number 
of trypan blue-positive cells did not exceed 15 % per sample. Four slides were prepared per sample (for details 
see [13]). Two slides per sample were treated with 45 µl of formamido-pyrimidine-glycosylase (FPG) and 
endonuclease III (ENDO III) in a 1:1 mixture (final concentration of both enzymes 2.5 µl/ml; Sigma-Aldrich, 
Germany) for 1 h at 37°C. In parallel, two slides were treated with the same volume of buffer used for the 
dilution of enzymes (0.1M KCl, 4mM EDTA, 2.5mM HEPES, 2 % BSA, all Sigma-Aldrich, USA). Subsequently, 
the slides were equilibrated for 40 min in alkaline buffer (0.3M NaOH, 1mM EDTA, pH 13) to allow the DNA to 
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unwind. Electrophoresis was performed in fresh alkaline buffer (30 min, 1.2 V/cm, 300 mA). Finally, the slides 
were neutralized in 0.4M Tris (pH 7.5), stained with 0.005 % ethidium bromide (Sigma-Aldrich, Germany) for 
7 min, washed with distilled water (7 min), fixed in methanol (15 min), dried at room temperature and stored. 

Before analysis, the slides were rehydrated in distilled water, and images were captured with a CCD-13008 
camera (VDS, Vosskuhler, Germany) attached to a BX51 fluorescence microscope (Olympus, Japan). The 
extent of DNA migration was quantified using Lucia Comet Assay 7.00 software (Laboratory Imaging, Prague, 
Czech Republic), and the results were expressed as the percentage of DNA in the tail (Tail DNA %). Both total 
DNA damage (with enzymes) and DNA strand breaks (DNA-SB; without enzymes) were measured in 100 
randomly selected cells per sample. Finally, each sample was characterized by two medians from the 
measured data, i.e., by medians calculated from (a) values of total DNA damage and (b) values of DNA-SB, 
and the level of oxidative DNA damage was assessed as the difference between these medians. 

2.5. Statistical analysis 

An unpaired two-tailed Student’s t-test was used to analyze the significance of differences between the groups. 

3. RESULTS AND DISCUSSION 

The basic information about the groups is summarized in Table 1. We found no significant differences in age, 
gender, body mass index, and alcohol consumption between the analyzed groups (all p > 0.05). On the other 
hand, 20 % of exposed subjects used vitamins, while no one in the control group. This probably reflects the 
outcomes of raising awareness of workers on potential health risks of nanomaterials. 

Table 1 Characterization of the exposed and control subjects. SD - standard deviation; BMI - body mass index. 

 Exposed 

Mean ± SD (min - max) 

Controls 

Mean ± SD (min - max) 

Age (years) 38.6 ± 10.7 (23 - 64) 39.8 ±7.1 (27 - 55) 

BMI (kg/m2) 24.6 ± 4.4 (17.5 - 34.3) 26.2 ± 4.4 (20.1 - 36.6) 

Smoking 1 + 2 ex 3 

Vitamin intake (C, E) 2 + 2 occasionally 0 

On average, the workers were exposed to aerosol for 7 years, with the usual length of stay in the workshop 
around 2 hours a day (Table 2). As concerns the total length of exposure, there were big differences between 
individual workers. Nevertheless, the workers No 9 and 10 with the longest working age (18 and 21 years, 
respectively) exhibited the highest levels of DNA damage within the exposed group (% Tail DNA 6.26 and 
5.87, respectively), although their average daily exposure was relatively short - 1 and 1.5 hours, respectively.  

Table 2 The length of exposure of workers handling nanomaterials. SD - standard deviation. 

Length of exposure Mean ± SD   (min - max) 

Total (years) 7.3 ± 4.8   (2.5 - 21) 

Common working day (hours/day) 2.1 ± 1.4   (0.5 - 6) 

Current - i.e. on the monitoring day (hours) 3.4 ± 0.9   (2.5 - 6) 

The average values of total DNA damage in the exposed group appeared to be slightly higher in post-shift 
samples than those in samples obtained prior to beginning of the shift, however this difference was not 
statistically significant (Figure 1). In contrast, pre-shift as well as post-shift values of DNA damage in 
lymphocytes of exposed workers considerably exceeded the levels detected in control subjects.  
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Figure 1 documents that both DNA-SB and 
oxidized lesions were significantly increased in 
exposed group compared to controls. The previous 
study from the same workplace demonstrated in 
the exhaled breath condensate (EBC) of exposed 
subjects an increase of markers of nucleic acid 
oxidation over the control values already in the pre-
shift samples, and no further significant elevation 
was observed in post-shift EBC samples [12]. This 
fully corresponds with our present finding.  

Depression of antioxidant enzymes (superoxide 
dismutase and glutathione peroxidase) and 
increased expression of cardiovascular markers 
(fibrinogen and intercellular adhesion molecule) 
were found among workers handling 
nanomaterials [16]. The same author subsequently 
suggested that exposure to metal oxide NP may 
lead to global methylation, DNA oxidative damage, 
and lipid peroxidation [17]. Chronic upper airway 
inflammation and systemic oxidative stress were 
documented in photocopier operators chronically 
exposed to nanoparticles [18]. A cross-sectional study performed in a nano-TiO2 manufacturing plant in China 
described an association between the occupational exposure to nano-TiO2 and the markers of lung damage, 
cardiovascular disease, oxidative stress and inflammation [19]. 

Our results thus support the recent data on harmful biological effects associated with long-term occupational 
exposure to nanoparticles and illustrate the need for further studies aimed at a detailed analysis of the 
mechanism of genotoxic effects and their health consequences. 

4. CONCLUSION 

Long-term inhalation exposure of workers handling nanocomposite material led to considerable increase 
of DNA damage. The levels of both DNA-SB and oxidized lesions in peripheral blood lymphocytes of exposed 
subjects significantly exceeded those detected in control persons. 

Comet assay provided a useful tool for monitoring potential harmful effects of nanoparticles on DNA. 
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Abstract 

Nanotechnologies represent new promising approach for conservation and preservation of cultural heritage. 
Nanomaterials (NMs) have been shown to improve efficacy, durability and quality of the restoration due to their 
unique properties that can be achieved and tuned by controlling particle physico-chemical characteristics. The 
same characteristics, however, affect the way how NMs interact with biological systems and may potentially 
underlie their enhanced or unexpected toxicity. In this pilot study, we compared the toxic potential 
of representatives of three of the most common oxide materials applicable in restoration: TiO2 (standard and 
purified P25, a mixture of prevailing anatase with rutile crystalline modifications), SiO2 (bare A200, and R805, 
R9200 as coated forms of A200), and ZnO. Using two in vitro cytotoxicity assays, WST-1 and LDH, evaluating 
metabolic activity and cell membrane integrity, respectively, we preliminary ranked the tested substances 
according to their cytotoxic potential, which may be used for their prioritization for further testing and 
applications. After 24h exposure, a dose-dependent decrease in cell viability was only detected in ZnO NPs 
and uncoated silica (A200). Hydrophobic coated silicas (R805 and R9200) and TiO2 NPs (purified and 
unpurified P25) did not exhibit cytotoxic effects up to the highest tested concentration of 250 μg/mL. 
Toxicological data related to the physico-chemical characteristics will be applicable in developing both more 
efficient and safer nano-based products for restoration and conservation.   

Keywords: Nanotechnology, cytotoxicity, restoration, work of art, safe-by-design 

1. INTRODUCTION 

Traditional techniques for preservation of cultural and heritage works of art (e.g. frescoes, oil-paints, 
sculptures) using organic solvents and polymers exhibit several limitations and drawbacks, such as promotion 
of chemical degradation or modification of permanent color. Moreover, exposure to organic solvents has been 
associated with various adverse health effects. Reducing toxicity might be a crucial factor for successful 
introduction of novel materials in restoration and conservation practices. NMs have been shown to improve 
efficacy, durability and quality of the restoration due to their unique properties that can be achieved and tuned 
by controlling particle chemistry, size, shape, crystal structure, surface, and other characteristics during their 
production [1]. The same characteristics, however, affect the way how NMs interact with biological systems 
and may potentially underlie their enhanced or unexpected toxicity. The ideal NM should exhibit low toxicity 
while maintaining desirable technical properties. By the controlled synthesis of NMs, individual characteristics 
can be designed in or out and affect both toxicity and performance. Controlling toxicity at an early stage 
of material or technology development is a core principle of so called safe-by-design approach. It is aimed at 
designing products or processes that bear an intrinsically low risk potential, instead of confining this potential 
by application of protective measures [2]. Designing out the hazard represents one of the main safe-by-design 
strategies, and in NMs can be achieved by e.g. NP doping, surface passivation, reduction of photo-catalytic 
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efficiency, formation of composites, or surface functionalization (reviewed by [2]). Simple in vitro assays able 
to examine basic toxicological endpoints offer a possibility to perform a preliminary screening evaluation of a 
wide range of NMs that may offer new or enhanced properties applicable in restoration practice. 

In the present work, we used representatives of three of the most common oxide NMs: TiO2 (standard and 
purified P25, a mixture of prevailing anatase with rutile crystalline modifications), SiO2 (bare A200 and R805, 
R9200 as coated forms of A200), and ZnO (see Table 1). All tested samples are relevant for applications in 
restoration practice. P25 offers a solution to limit degradation of materials caused by pollutants (e.g. volatile 
organic compounds, NOx, SO2) and pathogens due to its excellent photocatalytic properties in combination 
with high stability, availability and low-cost [3]. ZnO NPs exhibit antimicrobial and antifungal properties, 
resistance to moisture, UV, and leaching. Similarly to nano-TiO2, nano-ZnO is relatively cheap and available 
[4]. Silica NPs may be especially beneficial in consolidants, where they reduce crack formation, prevent 
dimensional instability owing to swelling and shrinkage induced by changes in temperature and relative 
humidity [5]. Silica NPs have been reported to increase cohesion, compression and flexural resistances, and 
to reduce the porosity after setting, and overall to increase the durability [6].  

In this pilot study, we compared the toxic potential of the NP samples using two in vitro cytotoxicity assays 
WST-1 and LDH, evaluating metabolic activity and cell membrane integrity, respectively, as diverse markers 
of cell viability.  

2. METHODS 

2.1. NMs 

Five commercially available metal oxide NPs were tested. Their key characteristics of the tested NMs are 
reported in Table 1. All samples were provided in a powder form. NM dispersions were prepared by probe 
sonication according to the protocol published by Jensen et al. [7]. Before cell exposure, the NP dispersions 
were gradually diluted in the cell culture medium containing 1 % fetal bovine serum (FBS). 

Table 1 Physico-chemical characterization of the tested NMs 

2.2. Cytototoxicity assays 

A549 cells (Human Lung Adenocarcinoma, ATCC No CCL-185™) were cultivated in MEM GlutaMAX™ 
Supplement medium (Gibco) with 10 % fetal bovine serum (FBS; Sigma-Aldrich) at 37°C in a humidified 
atmosphere containing 5 % CO2. For cytotoxicity assays, the cells were seeded in 96-well microplates at a 
concentration of 7,500 cells per well and incubated overnight to get attached. Before exposure, the cells were 
washed with phosphate saline buffer. Serial dilutions of NMs in the cell culture medium supplemented with 
1 % FBS were added to the cells in the volume of 100 µL per well. 

WST-1 assay: After the exposure period, the cell culture medium was removed and cells were rinsed twice 
with PBS. The Cell Proliferation Reagent WST-1 (Roche Diagnostics) was mixed with MEM with 1 % FBS in 

Label Manufacturer Commercial name 
Surface 

modification 
Surface area 
BET* (m2/g) 

Diameter* (nm) 

A200 Evonik Industries Aerosil® SiO2 A200 - 220 12 

A805 Evonik Industries Aerosil® SiO2 R805 -CH3 (CH2)7 125-175  12 

A9200 Evonik Industries  -CH3 150-190 12 

P25 Evonik Industries Aeroxide® TiO2 P25 - 35-65 25 

P25 purified Evonik Industries Aeroxide® TiO2 P25 Purification 35-65 25 

ZnO Bochemie  - 90-110 12 
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a ratio of 1:10 and delivered to the test wells in a volume of 120 μl per well. The plate was incubated at 37 °C 
for 1h. To prevent interference of NPs adsorbed on the plate plastic with absorbance reading, 100 μL 
of supernatants from each well were transferred to a new plate. Absorbance was measured at 450 nm using 
a SpectraMax® M5 Plate Reader (Molecular Device). To determine the viability, background values of wells 
without cells were subtracted. Negative control (NC) cells were defined to be 100 % viable and the viability 
was expressed as a percentage of viability of NC. 

LDH assay: At the end of the 24h incubation, 50 µL of the supernatant from each well was transferred into a 
new 96-well microtiter plate for the measurement of released LDH activity (LDHsupernatants). The rest of the 
medium was discarded. The survived cells were washed with PBS and lysed with 100 µL of 1 % Triton X-100 
(Sigma-Aldrich) at 37°C for 30 min. Fifty µL of the supernatant from each well with lysed cells was transferred 
into a new plate for the measurement of LDH activity of survived cells (LDHlysates). Fifty μL of the reaction 
mixture containing the detection dye and the catalyst from the Cytotoxicity Detection Kit (LDH) (Roche 
Diagnostics) was added to both the LDHsupernatants and the LDHlysates. Plates were incubated in the dark for 
15 min. After adding 25 µL of 10 nM HCl to each well to terminate the reaction, the absorbance was measured 
at 490 nm using the SpectraMax® M5 Plate Reader. Background values of wells without cells were subtracted. 
The percentage of cell viability was calculated as (LDHlysates/LDHlysates + LDHsupernatants) × 100. The NC 
represented 100 % viability and the results were expressed as a percentage of NC viability. 

2.3. Statistical analysis 

Three independent experiments were performed for each NP sample and both cytotoxicity assays. Data are 
presented as mean ± standard deviation (SD). To determine significance, an analysis of variance (ANOVA) 
followed by a Dunnett’s test was performed (The Prism 5 program, GraphPad Software, San Diego, CA, USA). 
Statistical significance was established at p-level <0.05. IC50 values (concentrations that inhibited cell survival 
by 50 %) were calculated using four-parameter log-logistic models in the drc package [8] in the statistical 
software R (version 3.4.0.). 

3. RESULTS AND DISCUSSION 

NMs offer numerous benefits over the conventional chemicals when used in restoration and conservation 
practices, e.g. high compatibility with historic materials, very high chemical effectiveness due to their increased 
surface-to-volume ratio and a higher concentration of active substances, ability to penetrate into various and 
variable porous systems, deeper penetration, antimicrobial properties, self-cleaning, suitable optical properties 
(such as transparence), etc. [9]. The direct contact of the restorater with the applied subsances and the 
potential to their release after application emphasize the importance of their safety.   

In the present study, we evaluated cytotoxicity as a basic toxicological endpoint of six NMs applicable in 
restoration and conservation practice that represent three most often used metal oxides. In vitro cytotoxicity 
assays represent a rapid screening tool applicable to preliminary ranking the tested substances and to their 
prioritization for further testing and applications. Since inhalation represents the main route of exposure to NPs 
during consolidation processes, A549 cell line was used as an in vitro model of human lung epithelial cells. 
We carried out two independent methods, WST-1 and LDH assays evaluating cell metabolic activity and cell 
membrane integrity, respectively. This combination allows better interpretation of the results and minimizes 
the risk that results would be affected by interference of NPs with the test system. 

After 24h exposure, a dose-dependent decrease in cell viability was only detected in ZnO NPs and uncoated 
silica (A200). Hydrophobic coated silicas (R805 and R9200) and TiO2 NPs (purified and unpurified P25) did 
not exhibit cytotoxic effects up to the highest tested concentration of 250 μg/mL (Figure 1).  

Zinc is a vital component, essential for cellular metabolism and cell proliferation. However, high concentrations 
of Zn2+ can cause cell death by breakdown of the mitochondrial membrane potential [10]. It has been 
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postulated that internalized soluble metal oxide NPs dissolve in the acidic lysosomal fluid releasing ions [11]. 
To address the contribution of Zn2+ ions to the observed cytotoxicity of ZnO NPs, the cells were treated with 
ZnCl2 as an ionic form of zinc and tested using the WST-1 assay that exhibited higher sensitivity in detection 
of ZnO cytotoxicity than the LDH assay. The results showed that ZnCl2 had significantly higher toxic effects 
than ZnO NPs when the exposure concentrations were adjusted to provide the same dose of elemental Zn 
(Figure 1E, IC50 values in Table 2). The lower cytotoxic potential of ZnO NPs in comparison with ZnCl2 may 
be explained by a gradual release of Zn2+ from the internalized NPs contrarily to complete dissolution of ZnCl2 
in the cell culture medium. Lower sensitivity of the LDH assay may be explained by a limited period of the 
released LDH present in the cell culture medium. At the selected time point (24h) the enzyme may be still kept 
inside the dying cells during programmed cell death. Contrarily, LDH can already be degraded after 24h if the 
cells die early after the exposure. The discrepancy between the results obtained using LDH and WST-1 assay 
shows the importance of employing cytotoxicity assays with different endpoints to avoid underestimation of the 
results. 

A200, R805, and R9200 represent the same type of silica NPs differing only in their surface properties. 
According to an extensive literature review [12], silica NPs induce significant cytotoxic effects at or above the 
concentration of 25 µg/mL, which is in concordance with our results for uncoated SiO2 NPs (Figure 1C,D). 
Based on the obtained results, organosilane coating rendering R805 (SiO2-octyl), and R9200 (SiO2-methyl) 
hydrophobic surface significantly reduced cytotoxic effects of the NPs towards the A549 cells (Figure 1C,D). 
The mechanism of reduction of cytotoxicity of silica NPs by the hydrophobic coating was not investigated in 
this study. However, it has been shown that reactive silanol groups (Si-OH) on the surface of bare silica are 
involved in ROS generation inside cells, as well as in cell membrane damage, predominantly mediated by 
hydrogen bonding [13]. Surface modifications reducing the abundance of surface silanol groups may thus 
decrease reactivity and related toxicity of silica NPs.  

No cytotoxicity of P25 was detected in A549 cells in our study. However, in the available literature, results on 
cytotoxic effects of TiO2 NPs (including P25) are very inconsistent. Experimental conditions, e.g. exposure to 
UV light may significantly affects the results [14]. The contaminants of P25 (Al2O3, SiO2, Fe2O3, HCl; the 
content of all molecules other than TiO2 based on ignited material is reported to be below 1 % (wt) did not 
decrease viability, thus the purification did not have any detectable effects on cytotoxicity of P25. 

The tested NMs were ranked according to their cytotoxic potential expressed as IC50 (concentration causing 
50 % decrease in cell viability) (Table 2). In general, soluble metal-oxide NPs, such as ZnO, are considered 
more toxic than those exhibiting limited solubility (e.g. TiO2). Manipulation of NM surface chemistry in an easy 
and effective way to adjust both biological and performace (e.g. consolidating) properties. 

Cell death is a basic toxicological endpoint, however, absence of cytotoxic effects alone does not guarantee 
safety of the tested NPs. Other toxic effects, such as genotoxicity (DNA damage), immunotoxicity, and others, 
should be taken into account. Nevertheless, in vitro cytotoxicity assays provide an effective preliminary tool to 
screen for low toxic NPs. 

Table 2 IC50 values (the inhibition concentration that cause 50 % decrease in cell viability) of NPs and ZnCl2  
   in A549 exposed for 24h. IC50 values for ZnO NPs and ZnCl2 were recalculated to the amount of zinc  
   ions (values in brackets). NA - not available (not tested). 

Sample 
WST-1 assay  

(µg/mL) 
LDH assay  

(µg/mL) 

ZnO 9.4 (7.6 Zn2+) 12.6 

A200 87.4  88.0  

ZnCl2 9.8 (4.7 Zn2+)  NA 
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Figure 1 Cytotoxic effects of NPs and zinc salt (ZnCl2) in A549 cells after 24h exposure measured by the 
WST-1 (A, C, E) and LDH assays (B, D, F). Results are expressed as % of cell viability (N=3). 

Concentrations of ZnO and ZnCl2 are adjusted to provide the same concentration of molar Zn. Data were 
analyzed by ANOVA followed by Dunnett's Multiple Comparison. *p<0.05, **p<0.01 and ***p<0.001. 



 Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

553 

4. CONCLUSION 

In this pilot study, we compared three of the most common oxide materials (TiO2, ZnO a SiO2) applicable in 
restauration practice in term of their cytotoxic effects in vitro towards the lung epithelial cell line A549 using 
WST-1 and LDH assays. The results showed that hydrophobic coating prevents cytotoxicity of silica NPs, 
which may be related to decreased abundance of surface silanol groups and reactivity. ZnO as soluble metal 
oxide NPs exhibited highest cytotoxicity, probably as a consequence of intracellular dissolution and release 
of Zn2+ ions. Toxicological data will be considered in combination with experimental data evaluating 
performance of the NPs in restauration processes with the aim to find develop more efficient and safer nano-
based products for restoration and conservation.  
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Abstract 

Micronucleus assay, which has been used for almost sixty years, is one of the basic methodological 
approaches of genetic toxicology. This is also evident from more than 10,500 references found in PubMed 
database. These studies concern the evaluation of cytotoxicity and genotoxicity of numerous chemicals and 
in the last decade also nanomaterials (NM) and nanoparticles (NP). Surprisingly, no relevant human studies 
focused on MN formation following the exposure to NP have been reported. 

In our study we analyzed 4x (in September 2016 and 2017; pre-shift and post-shift each year) samples in a 
group of workers, working for almost 18 years in nanocomposites research, and matched controls. Detail 
aerosol exposure monitoring of particulate matter (PM) including nano-sized fractions was completed during 
working shift in a sampling day. The micronucleus assay using Pan-Centromeric Chromosome Paint was 
applied to recognize, beside the frequency of total micronuclei (MN) in binucleated cells (BNC), also other 
types of chromosomal damage (losses and breaks), including the centromere positive (CEN+) and centromere 
negative (CEN-) micronuclei. 

The monitoring data showed differences in the risk of exposure to NP related to individual working processes, 
as well as differences in chemical composition of nano-fraction. Cytogenetic results demonstrated consistently 
(both years): (i) possible adaptation to long-term exposure of NP (related to total frequency of MN), (ii) short-
term (2.5 h) exposure could be a reason for the aberration increase, particularly a chromosomal losses 
(aneugenic effect). 

Keywords: Genotoxicity, human, micronucleus assay, nanoparticles, pan-centromeric FISH 

1. INTRODUCTION 

Assessment of genotoxicity of nanomaterials (NM) and nanoparticles (NP) is one of the current objectives 
of genetic toxicology due to the increase of their use during the last decade in many areas of human life. One 
of the important and frequently used methodological tools of researchers is micronucleus assay which is 
evident from more than 10,500 references found in PubMed database in the middle of 2018. These in vitro 
and in vivo studies concern mainly the evaluation of cytotoxicity and genotoxicity of numerous chemicals, 
which are discussed in context of deleterious effects for humans. Only 300 of them (majority in vitro) concern 
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the toxicity of NM and/or NP. Related to in vivo testing of genotoxicity of NP by micronucleus test, about 20 
studies in mice (Swiss mice, C57BL/6J mice) or rat models (Wistar rats, Sprague-Dawley rats) are currently 
found in PubMed databases, but did not show consistent results due to their broad spectrum and various 
characteristics. 

Surprisingly, still no relevant human studies focused on MN formation following the exposure to NP have been 
reported [1]. Alternatively, it is possible to recognize four studies [2-5] analyzing various cytogenetic markers 
in welders where the exposure to particulate matter in nano-size range also occurs [6]. A study published 
already in 1983 analyzed long-term occupational exposure (mean: 19 years) reported no significant differences 
between the exposed and controls, even though three various cytogenetic methods were used: conventional 
cytogenetic analysis (CCA), analysis of total MN and sister chromatid exchanges (SCE) [2]. A Mexican study 
that focused on genetic damage in exfoliated oral mucosa cells also did not observe differences between 
cases and controls [3] opposite to a comparison of chromosomal alterations induction, including MN, between 
nasal and buccal cells of welders in another study where a higher sensitivity of the epithelial cells from 
respiratory system was shown [4]. Additional identification of centromeres and genetics polymorphisms in DNA 
repair and detoxification genes was performed in another study where the authors reported a significantly 
higher level of chromosome/genome damage in welders suggesting that the combined analysis of genetic 
polymorphisms and centromeres in MN may improve the sensitivity of the micronucleus assay in detecting 
genotoxic effects [5]. 

Due to this gap in knowledge and potential negative health effects of NP, we analyzed 4x (in September 2016 
and 2017; pre-shift and post-shift each year) a group of persons, long-term (years) working in nanocomposites 
research, and matched controls. Detail aerosol exposure monitoring of particulate matter (PM) including nano-
sized fractions was completed during working shift in a sampling day. The micronucleus assay using Pan-
Centromeric Chromosome Paint was applied to recognize, beside the frequency of total micronuclei (MN) in 
binucleated cells (BNC), also origin of chromosomal damage (losses and breaks), including the centromere 
positive (CEN+) and centromere negative (CEN-) micronuclei. 

2. METHODS 

2.1. Study groups 

A total of 41 and 40 participants were involved in a collection of blood samples in September 2016 and 2017, 
respectively. The sample set included a group of twenty occupationally exposed nanocomposite processing 
researchers, working long-term (years) in nanocomposite research, sampled twice each year (pre-shift and 
post-shift, including processes such as welding mild steel S355J2 and smelting in workshop 1; and machining 
including the milling and grinding of epoxide resin with nanoSiO2, and geopolymer nanocomposites in 
workshop 2) and 21/20 control volunteers living in the same location. Both genders, with a prevalence of men 
were involved in each subgroup. The researchers spent 2.5 hours during working operations. For simplicity, 
we refer to these samples as pre-shift and post-shift, even though the remainder of their total 8-h shift was 
spent in their offices. The exposed subjects did not use personal respiratory protection. More details on basic 
characteristics are presented in the results and discussion section. 

2.2. Aerosol exposure monitoring 

The online monitoring during the shift for individual processes and prior to it (background), included two 
standard aerosol spectrometers Scanning Mobility Particle Sizer (SMPS) (TSI SMPS 3936L, USA) and 
Aerodynamic Particle Sizer (APS) (TSI APS 3321, USA) which were used to obtain more details in the 
nanoscale range from 6 nm up. The offline Berner Low Pressure Impactor (BLPI) (HAUKE Gmbh., Austria) 
was used to sample aerosol particles onto 10 stages up to 13.6 µm including two nanoscales (25-56 nm and 
56-100 nm). These samples were consecutively analyzed by gravimetry, ion chromatography [7] and Scanning 
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Electron Microscope (SEM) (Tescan Indusem, Czech Republic) equipped by Energy-Dispersive X-Ray 
Spectroscopy (EDS) (XFlash detector 5010, Bruker, Germany) to analyze the elemental composition of size-
resolved aerosol fractions. 

2.3. Micronucleus assay with Pan-centromeric FISH 

Blood samples: Blood cell cultures were incubated at 37°C for 72 h. Cytochalasin B was added to a final 
concentration of 5 µg/ml after 44 h [8]. Cultures were harvested by centrifugation, treated with hypotonic 
solution of KCl and fixed with methanol/acetic acid. 

Centromeric FISH technique: The protocol performed with FITC labelled Human Pan Centromeric probes 
was adapted from the manufacturer protocol (Cambio, Cambridge, UK). Stained slides were counterstained 
with DAPI mixed with Vectashield mounting medium. 

Microscopic analysis: One thousand binucleated cells (BNC) were analyzed for each subject under the 
fluorescence microscope (Axioskop - Zeiss) equipped with filters for DAPI (blue signal) and FITC (green 
signal). BNC with micronuclei (MN), centromere positive (CEN+) and centromere negative (CEN-), were 
recorded and analyzed by use of the ISIS software version 5.0 (MetaSystems). See an example including 
explanation in Figure 1. 

 

Figure 1 Example of BNC with two MN (both: CEN- and CEN+) with the explanation of their origin 
(chromosomal break on the left or chromosomal loss on the right) 

2.4. Statistical analysis 

Basic descriptive statistics [mean, standard deviation (SD), median and range (minimum and maximum)], were 
calculated using Microsoft Excel 2013. T-test, Mann-Whitney U test, paired sample t-test or the Wilcoxon 
signed-rank test were used for the comparison of the studied parameters (total MN/1000 BNC, CEN+ MN/1000 
BNC and CEN- MN/1000 BNC). 

3. RESULTS AND DISCUSSION 

Main characteristics of the studied groups working in nanocomposite research analyzed repeatedly in 
September 2016 and 2017 twice per day (pre-shift and post-shift) each year, and matched controls are 
summarized in Table 1. There was no significant difference between the exposed and control groups for any 
of the selected characteristics and year even though the studied groups were not 100 % identical between 
years (an overlap of 14 and 11 participants in exposed and controls between years, respectively. 
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Table 1 Characteristics of the studied groups (format: N or mean±SD (min-max)) 

 2016 2017 

Characteristics Exposed Controls Exposed Controls 

Number (N) 20 21 20 20 

Males/Females (N) 15/5 15/6 13/7 13/7 

Age (years) 41.8±11.4 (29-63) 38.7±9.1 (20-55) 38.6±10.7 (23-63) 39.8±7.1 (27-55) 

BMI (kg/m2) 28±6.2 (18-42.1) 25±4.7 (18-37.2) 24.6±4.4 (17.5-34.3) 26.2±4.4 (20.1-36.6) 

Smoking (N) 1 4 1 3 

Two types of exposure data were available for the group of nanocomposite researchers: (i) related to time 
of exposure (years of exposure, common working day exposure and exposure in monitoring day), (ii) particular 
data from aerosol exposure monitoring including nano-fraction as described in detail previously [9]. 
Comparison of these data revealed differences in years of exposure between groups monitored in year 2016 
and 2017 (17.8±10 and 7.3±4.8 years, respectively). Also, individual working processes were accompanied by 
differences in nano-fraction exposure and their chemical composition. 

 

Figure 2 Overview of cytogenetic results (absolute values (A, B) and relative ratios (C, D) of CEN+ 
and CEN- MN in 1000 BNC) obtained by micronucleus assay using Pan-Centromeric Chromosome  

Paint in years 2016 and 2017 
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Summary of most important cytogenetic results (absolute values and relative ratios of CEN+ and CEN- MN in 
1000 BNC) obtained by micronucleus assay using Pan-Centromeric Chromosome Paint is shown in Figure 2. 
We already analyzed in detail the sample set followed in year 2016 [10]. These results showed differences in 
the impact of exposure to NP related to individual working processes as well as differences in chemical 
composition of nano-fraction. Cytogenetic results demonstrated possible adaptation to long-term (years) 
exposure to NP (related to total frequency of MN) and generally corresponded with above mentioned studies 
related to welders [2-5], although this exposure may be responsible for DNA damage pattern changes 
(increase of chromosomal breaks from 36 % to 48 % - clastogenic effect). However, short-term (daily) 
exposure could be a reason for the increase of chromosomal losses (aneugenic effect) as well as breaks 
(clastogenic effect) in the exposed group, depending on the particular type of exposure. New data from year 
2017 are generally in agreement with the previous year trend of results (related to both long-term and short-
term exposure). Moreover, a trend to increase of DNA damage related to daily exposure (short-term exposure 
of long-term exposed subjects) has even greater significance (p=0.004) in comparison with the previous year 
(p = 0.087). This can be explained by a change in participants of the studies during the year and their individual 
exposure history differences. The exposure history of a group followed in 2017 was shorter and the effect 
of adaptation was not so strong. 

4. CONCLUSION 

The principal aim of this study was to fill the gap in human biomonitoring studies [1] and focus on the effects 
of exposure to NP on DNA damage in occupationally exposed subjects. We also aimed to verify the versatility 
of our hypotheses on human adaptation to the environment [11]. Obtained cytogenetic results demonstrated 
consistently (for both years): (i) possible adaptation to long-term exposure of NP (related to total frequency 
of MN), (ii) short-term (about 2.5-h per shift) daily exposure could be at least a reason for the aberration 
increase, particularly chromosomal losses (aneugenic effect), although particular type of exposure as well as 
exposure history play crucial role in resulting effects. As this type of human study is unique, more work is 
urgently needed for the understanding of the effect of both long-term and short-term exposure to NP on the 
level of DNA damage. 
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Abstract 

Copper oxide nanoparticles (CuO NPs) are used in numerous applications including antimicrobial agents, 
semiconductors, chemical sensors, catalysts and others. However, their high toxic potential and growing 
industrial production increases the concern for health and environmental risks. The present study aimed to 
investigate the toxicity of pristine versus surface-modified CuO NPs in relation to their stability/dissolution in 
cell culture medium, cellular uptake, cytotoxicity and ROS production in mouse macrophages RAW264.7. Our 
results showed that NPs modified with different coating agents [citrate (CIT), ascorbate (ASC), 
polyethyleneimine (PEI) and polyvinylpyrollidone (PVP)] affected the dissolution of the NPs in water but not in 
cell culture medium. Further, in vitro testing demonstrated that PEI-coated NPs were most cytotoxic while 
ASC-coated material exerted the lowest cytotoxicity. The anionic coatings CIT and ASC also provided 
protection against CuO NPs-induced oxidative stress and decreased levels of ROS production. Cellular 
internalization assessed by TEM was detected in cells exposed to CIT, ASC, PVP-coated and pristine NPs but 
not PEI-CuO NPs. Intracellular Cu content in cells tended to decrease with time, resulting in reduced cell/total 
Cu ratios, with the highest reduction noted for cells exposed to uncoated NPs. Overall, the toxicity of the 
surface-modified CuO NPs could be explained by synergistic interactions between the NPs, their dissolution, 
and the toxicity of the coating agents. 

Keywords: Nanoparticles, surface coating, cytotoxicity, macrophages, oxidative stress 

1. INTRODUCTION 

Copper oxide nanoparticles (CuO NPs) are used in wide range of applications including antimicrobial agents, 
wood preservatives, doping materials in semiconductors, chemical sensors, catalysts as well as agents used 
in biomedicine and many others. However, the growing industrial production of engineered nanomaterials, not 
only metal oxide nanoparticles, increases the concern for health and environment. Several recent studies 
demonstrated toxicity in vitro [1,2] and in vivo [3], adverse effect has also been documented in workers exposed 
to welding fumes containing Cu-based NPs [4]. 

Although it is generally accepted that toxicity of CuO NPs is attributed to the rapid dissolution in aqueous media 
and massive release of Cu2+ ions [5], recent studies proposed a so-called Trojan horse mechanism by which 
various metallic nanoparticles are firstly internalized within cell and the subsequent intracellular ion release is 
elicited by the acidic conditions of the lysosomal cellular compartment [6,7]. Solubility (both extracellular and 
intracellular) is a function of surface stability of the NPs. Thus, considerable efforts have been devoted to the 
development of surface modifiers to improve nanoparticle’s colloidal properties and enhance their 
biocompatibility. Surface modification of NPs controls their colloidal stability, surface charge and reactivity and 
thus may substantially influence their interaction with biomolecules and living organisms. 
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The present study aimed to investigate the toxicity of pristine versus coated CuO NPs in relation to their 
stability/dissolution in cell culture medium, cellular uptake, cytotoxicity and ROS production. The surface 
modifiers were selected to allow for a comparison of anionic, neutral and cationic agents. The molecules 
ascorbate (ASC) and citrate (CIT) are known for their anti-oxidant properties and are used as reducing agents 
and stabilizers of NPs. Polyvinylpyrrolidone (PVP) is a bulky, non-toxic neutral polymer used as a dispersing 
and shape-control agent. Polyethyleneimine (PEI) is a synthetic cationic polymer which provides electrosteric 
stabilization and enhanced particle cellular uptake. 

 

Figure 1 Chemical structure of selected coating agents used in the study 

2. MATERIALS AND METHODS 

2.1. Nanomaterial characterization 

CuO NPS with a primary particle size of 12 nm (± 4 nm) were obtained from PlasmaChem (Germany). Surface 
of pristine nanoparticles was modified by self-assembly technique, i.e. CuO NPs were dispersed in buffer 
(PBS, pH 7.4), combined with organic additives at the proportion 10 % m/m relative to CuO and 95h milled 
with zirconia spheres as grinding media [8]. Particle dispersion in water cell culture medium was achieved 
through sonication. Dynamic light scattering (DLS) and electrophoretic light scattering (ELS) were used to 
determine particle hydrodynamic diameter and zeta potential, respectively (Zetasizer nano ZSP ZEN5600, 
Malvern Instruments). The dissolution of the NPs was estimated as the ratio between Cu2+ and CuO 
determined by suspension ultrafiltration with 10 kDa filters (Millipore), followed by analyzing the filtered 
solutions through inductively-coupled plasma optical emission spectrometry (ICP-OES) using 5100 
Synchronous Vertical Dual View equipment (Agilent). 

2.2. RAW264.7 macrophage cell line culture 

RAW264.7 cell line was obtained from EACC (UK). Cells were cultured in DMEM (Sigma) supplemented with 
10 % FBS, 1 mM sodium pyruvate, penicillin (100 U/mL) and streptomycin (100 μg/mL). Cells were maintained 
in humidified atmosphere with 5 % CO2 at 37°C. 

2.3. Cytotoxicity assessment 

RAW264.7 cells were grown in DMEM (Gibco) supplemented with 10 % FBS, 1mM of sodium 
pyruvate,100U/ml Penicillin and 100 µg/ml Streptomycin. Cells were treated with 18 different concentrations 
of CuO NPs ranging from 1.41 to 62.5 µg CuO/ml of and incubated 24h in 37°C. CuCl2 was included as and 
ionic control. For some experiments, N-acteylcysteine was used for pre-incubation of cells. Upon the treatment, 
Alamar Blue reagent (Life Technologies) was used to detect cellular viability. Dose-response cytotoxicity data 
were analyzed by the Benchmark dose method in R software with Proast 38.9 package. 

2.4. Intracellular Cu content. 

Cells were exposed to the BMD20 dose of each NP to achieve equitoxic conditions. After exposure, 
supernatants (medium) and cells (adherent cells + residual pellet) were collected separately and digested with 

Citrate  
(CIT) 

Ascorbate  
(ASC) 

Polyethyleneimine  
(PEI) 

Polyvinylpyrrolidone  
(PVP) 
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65 % HNO3 for 24h at RT. Cu was determined through inductively-coupled plasma mass spectrophotometry 
(ICP-MS) using an iCAP Q apparatus. Results were expressed as ratios of intracellular/total Cu. 

2.5. Detection of reactive oxygen species (ROS) 

Cells were exposed to 25 μg/mL of CuO NPs for 4h, then 1 μM dihydroethidium was added (15 min, 37°C, 
dark). Afterwards, cells were collected, washed in PBS and DHE signal was analyzed by flow cytometry using 
a FACScan (Becton Dickenson). 

3. RESULTS 

3.1. Nanoparticle characterization 

Pristine and modified CuO NPs were tested for their stability and solubility in water and cell culture medium 
(DMEM). According to DLS data indicating the hydrodynamic size of NP’s agglomerates, NPs coated with ionic 
coating agents CIT, ASC and PEI were better dispersed in water than pristine material while neutral PVP 
worsened the stability so much that no data could be collected. In DMEM, all CuO NPs were better stabilized 
comparing to water and showed similar hydrodynamic size. Rate of dissolution in water showed slight 
differences among CuO NPs. The highest rate of dissolution after 24h exerted ASC-coated (1.99 %) 
comparing to PVP-coated NPs (0.23 %). However, the dissolution rate in DMEM indicating massive release 
of Cu2+ ions (almost 70 %) was similar for all nanomaterials irrespectively to the surface modification. Zeta 
potential of CuO NPs in water was consistent with the charge given by the coating agents but in DMEM, all 
CuO NPs gained the uniform negative charge (overview is presented in Table 1). 

Table 1 Physicochemical properties of CuO NPs 

3.2. Cytotoxicity assessment 

The cytotoxic response was assessed by Alamar Blue assay and dose-response effect was analysed by 
benchmark mark dose (BMD) method. BMD20 values of modified and pristine CuO NPs were inferred from 
dose response curves and could be ranked as follows: PEI-coated > uncoated > PVP-coated > ASC-coated > 
CIT-coated (Table 2).  

Table 2 BMD20 estimates (given as µg/mL and 95 % confidence intervals) in RAW264.7 macrophages. 

CuO NPs BMD20 Coating agent BMD20 

Uncoated NPs 3.43 (2.67 - 4.28) - - 

CIT-coated NPs 13.2 (11.3 - 15.3) Citrate 52.5 (49.38 - 64.32) 

ASC-coated NPs 14.6 (12.4 - 16.8) Ascorbate 1.14 × 1019 (ND) 

PVP-coated NPs 6.32 (5.43 - 7.27) Polyvinylpyrrolidone 436 (132.4 - 8805) 

PEI-coated NPs 2.06 (1.4 - 2.91) Polyethyleneimine 13.4 (11.6 - 15.3) 

Ionic control (CuCl2) 55.6 (49.2 - 58.9)   

 
d DLS (nm) Zeta potential ELS (mV) Dissolution after 24h 

(Cu2+/Cu mass (%)) 

  MilliQ DMEM MilliQ DMEM MilliQ DMEM 

Uncoat. CuO 2052.3 ± 347 55.1 ± 16 -9.1 ± 0.4  -8.2 ± 0.4  0.1 67.41 

CIT-CuO 313.4 ± 8 37.4 ± 2 -18.0 ± 0.3  -9.7 ± 0.6  1.98  69.19 

PVP-CuO nd 52.9 ± 25 -17.4 ± 0.3  -9.2 ± 0.2  2.08  65.39 

PEI-CuO 383.5 ± 22 44.6 ± 14 -8.1 ± 2.3 -9.4 ± 0.8  0.23  66.93 

ASC-CuO 109.7 ± 2 72.8 ± 21 +28.3 ± 0.7 -10.1 ± 0.7  1.68  66.01 

DMEM 
 

17.4 ± 0.3     
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The cytotoxicity of ionic control CuCl2 and coating agents themselves was also tested. CuCl2 exerted 
considerably lower cytotoxicity and also the cytotoxicity of the coating agents, excepting PEI, was much 
reduced comparing to respective modified CuO NPs (Table 2).  

3.3. Cellular internalization 

The intracellular Cu content was determined by using ICP-MS after 4h and 24h exposure. Overall, Cu 
concentrations were consistently higher in medium than in cells regardless to the treatment an exposure time, 
Cu concentrations tended do decrease with time. After 4h exposure, differences in the internalization of NPs 
(expressed as ratio Cu in cells/total Cu) were found and ratios could be ranked as follows: uncoated > ASC-
coated > PEI-coated > PVP-coated > CIT-coated. Twenty-four hour exposure resulted in decrease of Cu in all 
samples of NP-exposed cells on a similar level, the highest reduction was noted for uncoated and PVP-coated 
CuO NPs (Figure 2). Interestingly, the absolute concentration of Cu in cells did not correlated with the Cu 
ratio.  

 

Figure 2 Ratios of Cu between cells and cells + medium (total Cu). Taken and modified from [9]. 

3.4. Cellular ROS production and the effect of ROS  

Intracellular ROS generation in response to coated and uncoated CuO NPs was analysed by flow cytometry 
using DHE assay. Anionic coating agents clearly lowered levels of ROS when compared to uncoated CuO 
NPs while PVP-coated NPs produced the opposite effect (Figure 3). The rank of NPs according to their pro-
oxidant properties is following: PVP > uncoated ~ PEI > CIT > ASC. On the other hand, no significant effect 
of ROS reduction on cytotoxicity was observed when cells were pre-incubated with 10 mM N-acetylcysteine 
before the exposure to uncoated CuO NPs (Figure 4). 

 

Figure 3 ROS formation after 4h exposure analyzed using redox-sensitive fluorescent probe DHE.  
Taken and modified from [9]. 
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Figure 4 Cytotoxicity of selected toxic concentrations of uncoated CuO NPs after 4h exposure and the effect 

of NAC pre-treatment. Taken and modified from [9]. 

4. DISCUSSION 

Numerous studies examined the influence of surface coating of diverse nanoparticles in order to prevent their 
adverse effects towards biological systems and environment [10, 11]. The present study demonstrates that 
surface coating of CuO NPs significantly affect the NP stability and physicochemical properties thus 
contributing to their toxicity in RAW264.7 macrophage cell line. Colloidal stability of CuO NPs in water was 
improved by ionic surface modifiers (CIT, ASC and PEI) but worsened by neutral PVP in comparison with 
pristine CuO NPs. This can be explained by depletion-flocculation phenomena. Negative ζ potential 
of uncoated CuO NPs was probably given by PO43- from buffer specifically adsorbed on NP surface. Coated 
NPs diluted in water gained the ζ potential consistent with the charge of the coating agent confirming the 
preferential interaction with the surface modifier. In contrast, DMEM culture medium with FBS substantially 
changed properties across all NPs irrespective of the coating agent; all CuO NPs displayed similar Z-potential, 
mean hydrodynamic diameter and high rate of dissolution. The ability of serum proteins to change the 
agglomeration or surface chemistry thus reducing the toxicity of nanoparticles was demonstrated in several 
relevant studies [12, 13]. The cytotoxicity results identified positively charged PEI as the most toxic modifier 
contributing to the cytotoxicity. PEI alone also exerted a considerable cytotoxic effect as also reported in the 
study of Wightman 2011. The least cytotoxic were CIT- coated and ASC-coated CuO NPs. In our study, citrate 
and ascorbate have been shown to reduce pro-oxidant properties of CuO NPs, however, we also 
demonstrated that the effect of ROS on cytotoxicity was marginal only. Cellular uptake evaluated by 
transmission electron microscopy (data not shown) indicated complete intracellular dissolution of PEI-coated 
and uncoated nanoparticles since no particles could be detected after 4h exposure to BMD20. This may imply 
a Trojan-horse mechanism of toxicity of CuO NPs. Relatively low cytotoxicity of Cu2+ ions could further support 
this hypothesis. Cu concentration in cells measured by ICP-MS decreased after 24h exposure indicating 
exocytosis or passive release of nanoparticles. On the other hand, intracellular Cu burden did not corelated 
with the cytotoxicity; the proportion of bioavailable Cu in cells appeared to be more important factor. 

5. CONCLUSIONS 

Overall, our study suggests that coating agents have a considerable impact on stability of CuO NPs. However, 
dissolution of the NPs, particularly in cell culture medium, was not affected by different surface modifications. 
In vitro toxicity testing demonstrated that cytotoxicity of CuO NPs in RAW264.7 was not directly linked to 
nanoparticle dissolution and Cu burden, nor to cellular ROS production. The interplay between NP cytotoxicity, 
their dissolution, bioavailability, coating agents toxicity and time could explain the resulting toxic effect in 
RAW264.7 cells. 

0

20

40

60

80

100

120

P
er

ce
nt

ag
e 

ce
ll 

su
rv

iv
al



 Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

565 

ACKNOWLEDGEMENTS 

This work was supported by the European Commission through the Seventh Framework Programme 
(FP7-SUN; grant agreement no. 604305) and the COST Action MODENA (TD1204), and by the Czech 
Science Foundation (P503/12/G147), and the Ministry of Education, Youth and Sport of the Czech 

Republic (LO1508). 

REFERENCES 

[1] KARLSSON Hanna L., CRONHOLM Pontus, GUSTAFSSON Johanna, MOLLER Linnart 2008. Copper oxide 
nanoparticles are highly toxic: a comparison between metal oxide nanoparticles and carbon nanotubes. 
Chemical Research in Toxicology. 2008. vol. 21, no. 9, pp. 1726-1732. 

[2] DI BUCCHIANICO Sebastiano, FABBRIZI Maria R., MISRA Superb K., VALSAMI-JONES Eugenia, BERHANU 
Deborah, REIP Paul, BERGAMASCHI Enrico, MIGLIORE Lucia. Multiple cytotoxic and genotoxic effects 
induced in vitro by differently shaped copper oxide nanomaterials. Mutagenesis. 2013. vol. 28, no. 3, pp. 287-
299. 

[3] CHO Wan S., DUFFIN Rodger, POLAND Craig A., DUSCHL Albert, OOSTINGH Gertie J., MACNEE William, 
BRADLEY Mark, MEGSON Ian L., DONALDSON Ken. Differential pro-inflammatory effects of metal oxide 
nanoparticles and their soluble ions in vitro and in vivo; zinc and copper nanoparticles, but not their ions, recruit 
eosinophils to the lungs. Nanotoxicology. 2012. vol. 6, no. 1, pp. 22-35. 

[4] ANTONINI James M., LEWIS Anthony.B., ROBERTS Jenny R., WHALEY David A. Pulmonary effects 
of welding fumes: review of worker and experimental animal studies. American Journal of Industrial Medicine. 
2003. vol. 43, no. 4, pp. 350-360. 

[5] STARK Wendelin J. Nanoparticles in biological systems. Agnewande Chemie International Edition. 2011. vol. 
50, no. 6, pp. 1242-1258. 

[6] CRONHOLM Pontus, KARLSSON Hanna L., HEDBERG Jonas, LOWE Troy A., WINNBERG Linna, ELIHN 
Karine, WALLINDER Inge O., MOLLER Lennart. Intracellular uptake and toxicity of Ag and CuO nanoparticles: 
a comparison between nanoparticles and their corresponding metal ions. Small. 2013. vol. 9, no. 7, 970-982. 

[7] STRAUCH Bettina M., NIEMAND Rebeca K., WINKELBEINER Nicola L., HARTWIG Andrea. Comparison 
between micro- and nanosized copper oxide and water soluble copper chloride: interrelationship between 
intracellular copper concentrations, oxidative stress and DNA damage response in human lung cells. Particle 
and Fibre Toxicology. 2017. vol. 14, no. 1, pp. 28. 

[8] ORTELLI Simona, COSTA Anna L., BLOSI Magda, BRUNELLI Andrea, BADETTI Elena, BONETI Alessandro, 
HRISTOZOV Danail, MARCOMINI Antonio. Colloidal characterization of CuO nanoparticles in biological and 
environmental media. Environmental Sciences Nano. 2017. vol. 4, no. 6, pp. 1264-1272. 

[9] LIBALOVA Helena, COSTA Pedro M., OLSSON Magnus, FARCAL Lucian, ORTELLI Simona, BLOSI Magda, 
TOPINKA Jan, COSTA Anna L., FADEEL Bengt. Toxicity of surface-modified copper oxide nanoparticles in a 
mouse macrophage cell line: Interplay of particles, surface coating and particle dissolution. Chemosphere. 
2018. vol. 196, pp. 482-493.  

[10] BASTOS V., FERREIRA DE OLIVEIRA José M., CAROLLA Joana, DANIEL DA SILVA Ana L., DUARTEM Iola 
F., SANTOS Conceição, OLIVEIRA Helena. Coating independent cytotoxicity of citrate- and PEG-coated silver 
nanoparticles on a human hepatoma cell line. Journal of Environmental Sciences. 2017. vol. 51, pp. 191-201. 

[11] GLIGA Anda R., SKOGLUND Sara, WALLINDER Inger O., FADEEL Bengt, KARLSSON Hanna L. Size-
dependent cytotoxicity of silver nanoparticles in human lung cells: the role of cellular uptake, agglomeration and 
Ag release. Particle and Fibre Toxicoogy. 2014. vol. 14, no. 11, pp. 11. 

[12] KWON Dongwook, PARK Jonghoon, PARK Jaehong, CHOI Seo Y., YOON Tae H. Effects of surface-modifying 
ligands on the colloidal stability of ZnO nanoparticle dispersions in in vitro cytotoxicity test media. International 
Journal of Nanomedicine. 2014. vol 9, no. 2, pp. 57-65.  

[13] MURDOCK Richard C., BRAYDICH-STOLLE Laura, SCHRAND Amanda M., SCHLAGER John J., HUSSAIN 
Saber M. Characterization of nanomaterial dispersion in solution prior to in vitro exposure using dynamic light 
scattering technique. Toxicological Sciences. 2008. vol. 101, no. 2, pp. 239-253. 

  



 Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

566 

CELLULAR UPTAKE OF GRAPHENE ACID BY HEL AND HELA CELLS STUDIED 
BY UV RAMAN SPECTROSCOPY 

Anna BALZEROVÁ, Kateřina POLÁKOVÁ, Tomáš MALINA, Jan BELZA, Václav RANC, 
Radek ZBOŘIL  

Regional Centre of Advanced Technologies and Materials, Department of Physical Chemistry, Faculty 

of Science, Palacký University in Olomouc, Olomouc, Czech Republic, EU, anna.balzerova@upol.cz 

Abstract  

The last few years have witnessed rapid development of biological and medical applications of graphene-
based materials in drug delivery, biosensing, and bioimaging. Graphene acid is a novel graphene-based 
material with many interesting properties, including colloidal stability and biocompatibility [1]. However, 
mechanisms of its cellular uptake are not yet fully understood, and their study is crucial for further applications 
of the material. Study of a cell - nanomaterial interactions of the graphene-based nano materials is commonly 
performed using fluorescence imaging in a combination with respective fluorescent tags. However, labelling 
could potentially influence the material key properties, and new ways for label-free imaging are thus 
demanded. Here we developed a methodology for a label-free imaging of a cellular uptake of graphene acid 
by cancer (HeLa) and non-cancerous (HEL) cell lines based on Raman microscopy equipped with UV 
excitation laser. 

Keywords: Graphene acid, Raman, imaging, cells 

1. INTRODUCTION 

Graphene is a two-dimensional allotrope of carbon [2]. Due to its excellent properties, such as strength, 
elasticity, high thermal conductivity, high electron mobility, and tuneable band gap, graphene become one 
of the most studied materials in last few years [2,3]. Its range of applications can be significantly extended by 
a surface functionalization using numerous functional groups which further enable to modulate its electronic, 
magnetic, and optical properties [1]. Graphene acid represents one of the strong candidates. Carboxylic 
groups on the surface of graphene acid significantly improve mechanical and electronic properties, sorption 
capacity, the dispersibility of the material in an aqueous environment and improve the stability of resulting 
colloidal solutions [4].  One of strong applications of graphene acid, derived from its high biocompatibility and 
colloidal stability, lies in the drug delivery and gene transport. However, its interactions with cells have not 
been fully described and understood. 

Interactions of nanomaterials with cells are usually studied using fluorescent microscopy, flow cytometry and 
established toxicological tests [5-7]. However, there is a requirement for a utilisation of fluorescent labels in 
cases, where non-fluorescent materials are being studied. This can lead, because of unwanted interactions 
of the anchored fluorescent labels, to biased results [8,9]. The issue presents a scientific challenge worth to 
pursuit. Molecular spectroscopy, particularly Raman microscopy, presents an interesting alternative. Its 
potential has been earlier demonstrated in the imaging of graphene oxide in cell cytoplasm. However, the 
study was performed without an accent on a description of possible uptake mechanisms or effects on various 
cell lines [10,11].   

Here we present an application of Raman spectroscopy for the examination of cellular uptake of novel material 
- graphene acid, into the different cell lines. The study was performed on two cell lines - human healthy lung 
fibroblasts (HEL) and human cervical cancer cells (Hela), with a variable time of uptake: 4 hours and 24 hours. 
We demonstrated that the UV Raman microscopy can be successfully applied in the study of the cellular 
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uptake behaviour of graphene acid, and we have described differences of the nanomaterial uptake between 
cancerous and healthy cell lines. 

2. EXPERIMENTAL SECTION 

2.1. Cell Culture 

For analysis we used adherent HEL 12469 (human healthy lung fibroblasts) and HeLa (human cervical cancer) 
cell lines. HEL cells were cultivated in EMEM - Minimum Essential Medium (Sigma Aldrich) enriched by L-
Glutamine and Non-essential amino acids (NEAA) and HeLa cells were cultivated in low glucose DMEM 
medium (Life Technologies); both at 37 °C under a 5 % CO2 atmosphere. 

2.2. Cell viability assessment  

Cell viability assay was performed using BD FACSVerse flow cytometer (BD Biosciences, USA). 10,000 cells 
were seeded per well in a 96-well plate. Cells were incubated with various concentrations of GA (10, 25, 50, 
75 and 100 µg/ml) for 24 h. After 24 h, supernatant was collected, and cells were gently washed with PBS 
solution (0.1 M, 7.4 pH). Then cells were detached with trypsin (0.25 % in EDTA, Sigma Aldrich), resuspended 
in 100 µl of culture media and added to supernatant. Viability of cells was determined by calcein-AM 
fluorescent probe. Cells were incubated with 2 µl of calcein-AM, diluted in DMSO (50 µM). Viable cells had 
active intracellular esterases that catalyzed non-fluorescent calcein-AM to highly fluorescent green calcein. 
The fluorescence signal of calcein was measured by flow cytometry (exc. 488/em. 527) and viability of cells 
was established.  

2.3. Preparation of cells for Raman measurements 

The cells were fixed by a simple procedure for Raman analysis. Briefly, CaF2 substrate was put to 24 well 
plate, 200 µl of a cell suspension (5000 cells/slide) were added, only on the substrate area. After 24 hours 
cells become adhered, the medium was replaced with one containing graphene acid, prepared according to 
protocol published earlier by our group [1].  The concentration of the nanomaterial was set to 50 µg/ml and 
incubation time was 4 and 24 hours, respectively. After incubation, the cell medium on the surface of the 
substrate was gently washed twice with PBS buffer (Phosphate-buffered saline). Then, the substrate was 
carefully removed and placed on the mount. After that, 200 µl of 4 % paraformaldehyde was added and 
incubated for 10 minutes. Finally, cells were washed twice with PBS and once with ultrapure water and kept 
drying in the fridge. 

2.4. Apparatus  

Raman spectra of the cells were acquired using a Thermo Scientific DXR Raman Microscope (Thermo 
Electron, USA) equipped with laser operating at the 455 nm wavelength. The laser power on sample was set 
up to 3 mW and the measured range was 350-3400 cm−1. The exposition time was set to 2 s with 8 expositions 
per spectrum. Sixteen spectra were averaged to obtain one experimental data point. Cell viability assay was 
performed using BD FACSVerse flow cytometer (BD Biosciences, USA).  

3. RESULTS AND DISCUSSION 

First, basal cytotoxicity of the graphene acid had been studied to tune its concentration before a consecutive 
Raman imaging. The toxicity was evaluated using a flow cytometry to avoid possible false positive or negative 
outcomes, which can generally occur, when a standard MTT test is applied [12,13]. The concentrations were 
evaluated in the range from 10 to 100 mg/L. Figure 1 shows that only an unimportant effect of applied 
nanomaterial is observed. The viability decreased from 100 % for a control group to 88 % for HEL cells lines 
and 90 % for Hela, respectively. These results are comparable with a cytotoxicity of graphene oxide up to a 
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concentration of 50 mg/L. Published results indicate that graphene oxide starts to be substantially toxic at 
higher concentration with viability ranging from 90 % for 50 mg/L to 50 % for 100 mg/L [14,15].  Concenration 
of 50 mg/L of the graphene acid was selected for further experiments. 

 
Figure 1 Cell viability of HeLa and HEL cells after 24 h of incubation with different concentrations of GA. 

Viability of cells was normalized to control untreated cells (100 %).  

 

Figure 2 A), B) microscopic images of a HeLa cell.  
C), D) Raman spectra obtained at different spots marked in A), B) in the HeLa cell. 

Second, Raman spectra were acquired at several points on fixed cells to evaluate spectral characteristics 
of cells, as well as spectra characteristics of the internalized nanomaterial. Figures 2A and 2B show 
microscopic images of the fixes HeLa cell. Figures contain two marks, labelled 1 and 2, respectively. Mark 1 
corresponds to the nanomaterial (visible as light spots) and mark 2 corresponds to the cell, particularly nucleus. 
Raman spectrum shown in Figure 2C represents the mark 1, and contains two spectral bands located at 1360 
and 1595 cm−1, assigned to D and G spectral bands of graphene acid [11,16].  The D/G ratio of 0.8 confirms 
sp3 hybridisation in the graphene lattice, indicating a presence of functional carboxyl groups on its surface. 
Figure 2D represents a mark 2 and shows Raman spectrum of the nucleus with several characteristic spectral 
bands. The most intense band is located at 2930 cm−1. This can be interpreted as C-H vibrations (ν(C-H)) of -
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CH2 and -CH3 groups presented in proteins, lipids or nucleic acids [17]. Additional Raman bands were assigned 
to phenylalanine at 1005 cm−1, DNA backbone (O-P-O stretching) at 1092 cm−1, amide III band at 1313 cm−1, 
DNA at 1340 cm−1, CH2 bending mode found in proteins at 1450 cm−1, and lipid C=C bond and amide I band 
of proteins at 1660 cm−1 [18,19]. 

 

Figure 3 Raman maps of HeLa cell after the incubation with GA for 24 hours demonstrating area of: (A) cell, 
(B) GA, (C) image from multivariate curve resolution analysis of GA internalized in cell 

Raman images obtained by the scanning of Hela cells after a 24-hour incubation with graphene acid is shown 
in Figure 3. Figure 3A was obtained by the univariate analysis performed at spectral band located at 2930 
cm−1 (ν(C-H)) and reflects the spatial distribution of above mentioned compounds inside the cell. Importantly, 
weak Raman signal was observed also outside of the scanned cell. This phenomenon is caused by the used 
cell medium, which contains proteins with similar spectral characteristics. The Figure 3B is a result 
of univariate analysis performed on the spectral band localized at 1595 cm−1, which is characteristic for the 
present nanomaterial. Most of the graphene acid is localized inside the cell, particularly in the cytoplasm. 
However, some particles remained outside the cell. Finally, the multivariate curve resolution was performed to 
visualize both signals, the cell and the nanomaterial. The result is shown in Figure 3C, where red colour 
represents the graphene acid, and the green represents the cellular structure. The resulting image confirms 
the uptake of the graphene acid inside the HeLa cell. Interestingly, the nanomaterial is not present in the cell 
nucleus, which can be caused by a combination of its negative charge and the size [20]. 

 

Figure 4 Raman mapping of GA internalization in the HeLa cells and HEL cells after incubation for 4 hours 
and 24 hours 
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Next, effect of the incubation time and effects of the nanomaterial on various cell lines were studied. Two cell 
lines were selected for the study, namely human healthy lung fibroblasts (HEL) and cancer cells (HeLa). Both 
lines were incubated with a total concentration of 50 mg/L of graphene acid for 4 and 24 hours. Resulting data 
are shown in Figure 4 with considerable differences between healthy and cancer cell lines. The Hela cells 
incubated for 4 hours contained noticeably higher amount of the internalized nanomaterial, compared to 
normal cell lines. This can be possibly caused by the altered metabolism, characteristic for HeLa cells [21].  
Nonetheless, the nanomaterial was found in the cytoplasm of both cell lines, indicating a possible exploitation 
of the nanomaterial in a drug delivery. 

4. CONCLUSION 

In summary, the new methodology for a study of the cellular uptake of graphene acid, based on the Raman 
microscopy, equipped with UV laser, was developed. Cellular uptake was studied on two different types of cells 
- healthy human lung fibroblasts (HEL) and human cervical cancer cells (HeLa). It was found that the 
nanoflakes of the graphene acid are easily internalized into cancer and non-cancerous cells, with a preference 
towards the studied cancer cell line. 
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Abstract  

A firearm shot is a complicated physico-chemical process in where the by-product of the shot is a shot-fire 
product that contains both metallic and non-metallic micro and nanoparticles. The main aim of the experiment 
was to verify the efficiency of respirators against gunshot residues from pistol shooting on an indoor shooting 
range and testing the phytotoxicity of sediment particles taken from the shooting range floor. The experiments 
were focused on measuring their concentration of an observer (range 20-1000 nm) after gunshots residues 
(GSR) from pistol. The various types of respirators detected particles penetration. The efficiency was 
calculated from the measured values especially their FIT factor and S (%) - efficiency of protective equipment. 
The most efficient respirator was considered REFIL 651 (FIT factor = 93, S = 98.9. The samples from the shot 
fills were further tested on their phytotoxicity - a component of environmental toxicity. The test of phytotoxicity 
was conducted from specific places at a distance of 1 m and 3m from the boxes. The root growth inhibition IC 

(%) for 1 m was 65.84, for 2 m 75.08. The toxic effect of sediment particles might be considered high. The 
measurement proved the growth of nano- and microparticles by 3 digits in comparison to the standard in a 
normal atmosphere. The results should inspire the shooting range operators to extend the use of the personal 
protective equipment to respirators, along with hearing protectors and goggles and lastly to threat the deposit 
as a dangerous waste. 

Keywords: Concentration of nanoparticles and micro particles, gunshot residue, respirators, FIT factor,  
         phytotoxicity 

1. INTRODUCTION 

The paper follows up on the results of previous research measurements of aerosol micro- and nanoparticles 
of GSR when shooting at an indoor shooting range. This article enriches the tests of efficiency of respirators 
against the residues. The main aim of the experiment was to verify the efficiency of the five chosen respirators 
against GSR from pistol shooting on an indoor shooting range (FIT factor and S- efficiency of protective 
equipment) and also testing the phytotoxicity of sediment particles taken from the shooting range floor and 
lastly to recommend some safety measures for the operators. Detailed measurements during shooting with a 
pistol, submachine gun and a shotgun provided comprehensive data on the amount of nanoparticles, their 
weight and distribution [1,2]. The analysis of the samples established metallic particles including their 
distribution, always in relation to the type of firearm and ammunition [3]. The results showed the presence 
of nanoparticles of shot- fire products and therefore an increased risk (toxicity) for the shooters in areas with 
atmosphere polluted by GSR, either in gaseous or solid form. In order to prove the reduction of inhaled micro- 
and nanoparticles, an experiment was conducted, during which the observer were equipped with respirators 
and the concentration of nanoparticles was measured in front of and behind the respirator while shooting a 
pistol, which is the most frequently used firearm on the shooting range. At the same time samples of sediment 
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particles were taken from the shooting range floor, to be tested for phytotoxicity - germination and root 
elongation test. The tests were conducted on seeds of white mustard (Sinapis alba L.).  

2. EXPERIMENTAL PART 

The "Patriot" indoor shooting range is located in Ostrava in a basement. The area available for shooting has 
internal dimensions of 33 x 4.5 m. The shooting post has dimensions of 25 x 4.4 m with 4 shooting boxes 1.1 m 
wide, see. Space for spectators (observers, instructors) is located behind the shooting zone, including a table, 
bench and cabinet. The shooting was conducted with a pistol: CZ 75 D Compact. Ammunition: 9 mm 
LUGER, SELLIER&BELLOT a.s. Lead bullet, nitrocellulose smokeless powder Vektan Ba-9 0.34 g. Tested 
respirators: Triosin T-500 (FFP -3), REFIL 641 (FFP-2), REFIL 651 (FFP-3), REFIL 731 (FFP-2), REFIL 711 
(FFP-1). The marking in brackets specifies, as per EN 149, the penetration limit of the filter (Filtering Face 
Piece): FFP 3 (the lowest penetration), then FFP 2 followed by FFP 1 (the highest penetration). Measuring 
instruments: for measurement of carbon oxide concentration: GAS Detector MSA Orion Plus. For 
measurement and comparison of concentrations of nanoparticles in front of and behind a respirator 
PORTACOUNT Pro+ Fit Tester 8038 from TSI, measuring range 20-1000 nm. Protection factor, so-called FIT 
factor: 

� = \W
\s                   (1) 

c0 - concentration of pollutants outside the respirator, c1 - concentration beneath the respirator, i.e. 
concentration entering the respiratory organ. FIT factor is a measure of efficiency of the protection  
of respiratory organs. The higher the F value, the safer the protective equipment for the user. Even though the 
F factor specifies how many times the particles concentration is reduced compared to the environment, 
sometimes it is more practical to use the expression "efficiency of protective equipment", S (%): 

D = 100 − 0BB
¸                  (2) 

The tested person was an observer. He received the tested respirators, which were fitted with a hole for 
a sensor of particles concentration measurement. The shooter shot from the pistol at a target from the first box 
in intervals of app. 15 seconds. The observer stood behind the first box in the spectators' zone, app. 1.5 m 
from the shooting pistol. During a 7-minute cycle the observer performed, in one-minute intervals, 1. normal 
breathing, 2. deep breathing, 3. head from side to side, 4. head up and down, 5. speaking including grimaces, 
6. bending at the waist, 7. normal breathing (exercises performed as per OSHA 29 CFR 1910.124, see 
Figure 1). The first measurement took place with the shooter with a unique respirator TRIOSIN T-500, but 
without exercises. The measurements for the REFIL 641 and 651 respirators were taken for the observer. For 
the duration of the experiment the shooter shot in regular intervals, one shot every 15 to 20 sec. 

 
Figure 1 Course of exercises by the observer [L. Frishansova VUBP-Praha v.v.i.] 
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3. RESULTS AND DISCUSSION OF EFFICIENCY OF RESPIRATION 

The results were processed in the table and graphics; the FIT factor and the efficiency of individual respirators 
was determined. The measured values of concentration of micro- and nanoparticles in the observers' area and 
behind the respirator tested by them are listed in Table 1 together with the determined (calculated) FIT factors 
and the efficiency for the specific type of respirator. For clarity and quick orientation the number of particles in 
the observer's space is shown in graphics (Figure 2) for the individual type of experiment, and the FIT factor 
value as well (Figure 3). 

Figure 2 Graphical illustration of the number 
of particles in the area during individual tests in 

relation to the respirator type (observer) 

Figure 3 Graphical illustration of the F value in 
relation to the respirator type (observer) 

The shooter was practically inhaling the particle values of the normal natural background. The FIT factor values 
are one of two measurements, without any exercises, so they do not comply with the OSHA 29 CFR 1910.134 
standard in relation to the respirator quality (FFP value) and the F values, for the observer F is higher for the 
FFP1 respirator (REFIL 711) as compared to FFP2 (REFIL 731). The impact of different factors for the same 
types of respirators (Table 1) can be attributed to the effect of the respirator sealing [2] on the face of the 
observer and the shooter. We were interested in the effect of testing exercises on the F values and the 
respirator efficiency. The dependency of our experiments cannot be scientifically proved. The statistical 
reduction of the FIT factor and the efficiency is shown for exercise (bending at the waist). 

Table 1 Overview of FIT factors and efficiency (S) of respirator in relation to the exercises 

Test exercise** 
REFIL 641 REFIL 651 REFIL 731 REFIL 711 

F S (%) F S (%) F S (%) F S (%) 

1 28 96.4 261 99.6 7 85.7 8.3 87.9 

2 49 97.9 183 99.4 2 50.0 9.7 89.7 

3 20 95.0 109 99.1 5 80.0 12 91.6 

4 20 95.0 117 99.1 6 83.3 12 91.6 

5 19 94.7 67 98.5 4 75.0 7.6 86.8 

6 7 85.7 51 98.0 3 66.6 13 92.3 

7 15 93.3 77 98.7 3 66.6 or 60.6 11 90.9 

Σ 17 94.1 93 98.9 4 75.0 10 90.0 
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4. RESULTS AND DISCUSSION ON TOXICITY IN THE ENVIRONMENT OF THE INDOOR SHOOTING 
RANGE DURING INTENSIVE SHOOTING 

Along with an abnormal amount of micro and nanoparticles from the growth from 103 (background) to 106 

during full shooting utilization of the shooting range we also measured the concentration of carbon oxide 
of app. 90 ppm, which is an allowable value for short-term intervention of professional firefighters. Along with 
carbon oxide, based on the study of the pyrolysis of nitrocellulose powder, other substances can be expected. 
In the quoted study [4] the mass spectrometer identified 26 pollutants: CO, NO, N2O, CH4, CO2 and H2O 
specified as primary, and acetylene, formaldehyde, acetonitrile, HCN, propene and ethylene oxide as 
secondary. These pollutants are not allied products for health. Establishing the composition and contents 
of metallic particles identified from volumes from atmospheres and identified by the EDAX system, including 
traction differentiation of particle sizes, were for shooting as follows Pb>Sb>Cu>Zn>Sn>Cd. Even though the 
weight of Pb particles in cm3 was the greatest, particles with dimensions of 750-10000 nm prevailed. The 
weight of most nanoparticles up to 100nm was measured for Zn and Cu [3]. Lead poisoning has been known 
to mankind since antiquity; during the industrial revolution from the 18th century the situation deteriorated. Lead 
has no known biological function in organisms and when it enters the body it has a severe impact on health, 
which can be irreversible [5]: 

• effect on nervous system, central as well as peripheral nervous system, 

• impact on hemopoietin systems causes inhibition of vital enzymes (ALAD, ALA, enzyme catalyzing ferro 
chelatase - inserted Fe blocks the production of HEME (hemoglobin), 

• nephrotoxicity - dysfunction of proximal porphyrin, 

• cardiovascular effects, 

• reproductive effects. 

Lead is probably the most studied heavy metal. The primary location of lead deposits in the human body is the 
bones. The main mechanism of toxicity is the formation of ROS (formation of radicals •OH, •O2-, H2O2, H-O-
O•). Depletion of reserves of antioxidants creates oxidative stress, which represents an imbalance between 
the production of free radicals and therefore the ability of biological systems to detoxify between products or 
to repair any damages. Free radicals will trigger a chain reaction, which leads to peroxidation of lipids, 
disturbance of cell oxidation of proteins and oxidation of nucleic acids (DNA, RNA) leading to cancer. Toxicity 
of so-called ion mechanism is caused by the lead's capacity to replace other ions Cu2+, Mg2+, Fe2+ and Na+. 
This affects the basic biological processes in the body. The ion mechanism contributes to neurological deficit; 
after the calcium ion exchange the blood-brain barrier can be breached. Lead damages immature astroglial 
cells. The above-mentioned principle of ROS nanoparticles toxicity and oxidative stress applies also to so-
called essential metals, which play an irreplaceable role in the bio organism. Zinc is necessary for the function 
of different mammal enzymes and it is present virtually in all plant and animal tissues [6]. The inhalation 
of vapors or fine dust of metallic Zinc and ZnO causes "brass founder's fever" (fever caused by metals and 
their oxides). It manifests itself as lethargy, headache, chest pain, irritating cough and it is accompanied by 
fever and temperatures up to 59 °C. The same applies to exposure to vapors of copper or its dust aerosols. 
Nano zinc and nano copper (and their oxides) are used for various industrial purposes (catalysts, polymer 
composites) and in healthcare. There are a number of research publications on the toxicity of metals and their 
oxides [7,8]. With results in vivo, as well as in vitro, including the test on human cells (liver, lung) and the 
phytotoxicity [9,10]. In essence, a certain level of genotoxicity based on ROS formation is always identified. 
Zinc oxide is in an ambivalent situation, because it has anti-bacterial properties and is applied as a composite 
of packaging of food [11] and its genotoxicity is used against carcinogenic cells [12,13]. The documented 
neuro-toxic effect of copper nanoparticles in the atmosphere can be viewed as an increased risk, by 
penetration through the skin and nose to soma sensory neurons in spinal ganglia [14]. 
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4.1. Sediment toxicity on the indoor shooting range floor 

The GSR are absorbed on different materials (clothing, skin, hair) and also sedimentation on surfaces within 
the shooting range. Phytotoxicity is an integral part of the environmental toxicity. Therefore the deposited 
particles were swept from the shooting range floor after a Czech Police shooting practice session and the 
surface particle collection and a germination and root growth test were conducted on Sinapis alba L. (white 
mustard) seeds according to relevant methodologies of determination of waste eco-toxicity. Introduced dust 
load into Petri dishes, pipetted 7mL of diluent, 20 seeds for germination stored in Petri dish with diluent at 
given temperature (20±2 °C), readout executed after 72 hours of germination out of reach of light. The 
ecotoxicity tests according to OECD Guidelines 208/1984, which is used as a standard test in Europe. Readout 
of keys according to relationship:  

~Ä = F�XZ�ÅJ
�X  ∙ 100              (3) 

IC is root growth inhibition (%), Lc arithmetic average of root length (mm), Lv arithmetic average of root length 
in tested media (mm). 

The test of phytotoxicity was conducted from specific places with the area of an A4 paper sheet (210 x 
297 mm), at a distance of 1 m and 3 m from the boxes. Table 2 shows that the weight of the deposit of GSR 
grew on the shooting position with the distance from the shot. Also the toxic effect of sediment particles (see 
inhibition value) can be considered high. 

Table 2 Weight gradient of the deposit in the shooting post and the box, including the specified inhibition  
   of root growth 

Distance from the 
deposit collection 

place (m) 

Deposit collection 
point 

Weight of deposit 
from area of A4 size 

(g) 

Recalculation of 
deposit to m2 (g) 

Root growth 
inhibition IC (%) 

1 
Box 1 0.302 4.832 

65.84 
Box 3 0.426 6.716 

3 
Box 1 0.602 9.632 

75.08 
Box 3 0.403 6.448 

0 
Box 1 0.125 2.000 

67.92 
Box 3 0.249 3.984 

5. CONCLUSION 

The measurement showed the growth of nano- and microparticles by 3 digits in comparison to the standard in 
a normal atmosphere. This growth was caused by GSR particles, which, after partial chemical identification, 
can be included among toxic pollutants. The toxicity of the atmosphere on the shooting range is increased also 
by the high content of carbon monoxide. The results of our tests showed that the application of normal 
respirators substantially reduces the contents of inhaled particles. The measurement results should inspire the 
shooting range operators to extend the use of the personal protective equipment to respirators, along with 
hearing protectors and goggles. Especially for the instructors, who are exposed to shooting for extended 
periods. We can also conclude that the shooting results of our shooter were not affected by the use of the 
respirators. The shooter had no negative experience during shooting. The phytotoxicity showed the high 
toxicity of the deposit from GSR from the shooting range floor. The shooting range operators should remember 
this fact and treat the deposit as dangerous waste. 
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Abstract  

Montmorillonite is one of the most important groups of phyllosilicates and is an excellent sorbent. For the 
facilitation of the post-sorption sorbent separation from the medium (e.g.) waste water, it is convenient to use 
its magnetically modified form. Magnetically modified montmorillonite composites can be prepared using a 
simple microwave synthesis; the efficiency of this preparation method has already been proven. The aim of this 
study was to evaluate the effect of the microwave radiation during the preparation of its magnetic form on the 
structure and stability of montmorillonite. Water extracts were prepared by the batch method using deionized 
water. The leachate was prepared for 24 hours in different ratios of solid and liquid phase (1:10 000, 1:1 000, 
1:500 and 1:100) from the montmorillonite and the magnetically modified montmorillonite. Concentrations of Al, 
Ca, K, Mg, Na, Si and Fe were determined using atomic emission spectrometry with inductively coupled 
plasma, pH of the filtrate was also determined. The results of the experiments showed that Al and Ti do not 
leach under the observed conditions. The assumption that the ion exchange elements (K, Na, Ca, Mg) leach 
to the solution was confirmed. Their amount is dependent on the leaching time and on the solid/liquid phase 
ratio. Silicon, a part of the fundamental layer structure also leached, however, in an amount not affecting the 
montmorillonite structure. The process of the microwave-assisted magnetic modification of the montmorillonite 
was proved not to affect the stability of the material. 

Keywords: Montmorillonite, magnetic form, leaching, microwave treatment 

1. INTRODUCTION 

Heavy metal pollution is one of the most important environmental problems today. Various industries (e.g., 
mining, metallurgy, surface finishing, iron and steel production, metal surface treating, etc.) produce and 
discharge wastes containing numerous heavy metals and organic compounds. Such a human activity brings 
about serious environmental pollution, threatening both human health and ecosystems. The metals cannot be 
degraded to harmless products and hence persist in the environment indefinitely. Both the selected metals 
and organic compound have a negative effect on human health [1]. Pollution is commonly categorized 
according to the character of the pollutant as inorganic or organic; however, in reality, both categories 
of pollutants are present in various ratios.  

One of the most commonly applied methods for the water environment is sorption. A whole range of sorption 
methods are utilized in both laboratory and field and they are usually divided according to the principal, 
environment (gas, liquid, solid) or the characteristics of the pollutant. Frequently applied sorbent is activated 
carbon which, however, is a rather costly material [2,3]. Therefore, many studies were focused on the cheaper 
sorbent alternatives such as sheet materials - phyllosilicates [4-8], slag [9,10], ashes [11] and, finally, 
biomaterials, mainly various waste by-products (sawdust, orange peel, rice husks etc.) [12,13]. New sorbents 
are being designed continuously in order to enhance the sorption efficacy, decrease the cost of the cleaning 
technology and improve the functionality of the material. Introduction of new types of sorbents based on 
“smart” materials combines the sorption and (e.g.) catalytic characteristics of the material, and, thus, 
simultaneous removal of more pollutants.  
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In the case of the liquid environment, it is necessary to separate the sorbent from the cleansed liquid; for this 
purpose, filtration is used. Application of a sorbent with magnetic characteristics would allow the realization 
of the aforementioned separation using a magnetic field. Magnetically modified sheet materials or bio-sorbents 
can both be used for this purpose. 

Bentonite was modified with ferrofluids by Mockovciakova et al. [4]. Sorption experiments were focused on the 
removal of low concentrations of Cd2+ and Ni2+ ions. Other authors describe sorption of heavy metal ions on 
magnetically modified zeolites [4, 5], bentonites [6,7] and montmorillonite [10]. Moreover, new composites 
designed by combining two or more sorbents such as magnetic nano-sorbent from the orange peel waste 
simultaneously precipitated with Fe3O2 nanoparticles and either hydroxyapatite nanoparticles [14] or zeolite 
[15] were successfully used for the removal of Cd2+ a Zn2+ from liquid solutions. 

2. MATERIALS AND METHODS 

For the purpose of this study, Montmorillonite (Mt) from the Ivančice (Czech Republic) deposit was selected. 
Based on the chemical composition, the crystallochemical formula of this montmorillonite was determined [16]: 

(Si3.99Al0.01)(Al1.32Fe(III)0.16Mg0.50Ti0.02)O10(OH)2(Ca0.16K0.04Na0.12)         (1) 

Raw clay material was dried, milled, and sieved. Mt particles having size ≤ 40 μm were used for the 
experiments. 

Chemical composition of Mt was determined using an energy dispersive fluorescence spectrometer (XRFS), 
SPECTRO XLAB, Spectro. For this measurement, samples in powder form were pressed into tablets using 
wax as a binder. Al, Ca, K, Mg, Na, Si and Fe were determined, after acid digestion, by Atomic emission 
spectrometry with inductively coupled plasma (AES-ICP), SPECTRO CIROS VISION, Spectro. 

Two sample types were used and compared: (1) the native Mt leached in deionized water (sample denoted as 
M) and (2) the magnetically modified Mt prepared using microwave radiation (sample denoted as MMW). 
Suspension of the FeSO4 in deionized water was treated in a microwave oven for 10 min at power 700 W, 
2450 MHz. After cooling, the Mt was added into suspension. After 24 h, the Mt with FexOy was separated by 
filtration (pore size 0.23 μm) and dried. Both M and MMW were leached in deionized water using the batch 
method. The leachates were prepared for 24 hours in 1:10 000, 1:1 000, 1:500 and 1:100 ratios of solid and 
liquid phase from M and MMW. In the filtrate, concentrations of Al, Ca, K, Mg, Na, Si and Fe were determined 
using AES-ICP, the pH value was determined as well. 

To determine the phases and structure of prepared samples, X-ray powder diffraction analysis (XRPD), 
BRUKER AXS was used. X-ray powder diffraction patterns were recorded under Co Kα irradiation (λ = 1.789 Å) 
using the Bruker D8 Advance diffractometer equipped with a fast position sensitive detector VÅNTEC 1. 
Samples in powder form were pressed in a rotational holder. Reflection mode was used for all measurements. 
Phase composition was evaluated using database PDF 2 Release 2004 (International Centre for Diffraction 
Data). 

3. RESULTS AND DISCUSSION 

The chemical composition of Mt, determined in the dried sample, revealed the high amount of Si and Al 
(Table 1).  

XRPD patterns of native Mt, M and MMW shows (Figure 1) that the process of magnetization did not change 
the structure of the native Mt because the width is same. Therefore, the FexOy particles were bound on the Mt 
surface. The preliminary study proved, that FexOy particles prepared using the above-mention procedure are 
a mixture of γ-Fe2O3 a Fe3O4.  
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Table 1 The chemical composition of the Montmorillonite, elemental content is express as oxide    

Parameter Content (wt. %) Parameter Content (wt. %) Parameter Content (wt. %) 

Na2O 0.093±0.047 SiO2 57.47±4.03 TiO2 0.296±0.030 

MgO 3.07±0.62 K2O 0.925±0.084 Fe2O3 3.40±0.14 

Al2O3 13.9±0.84 CaO 2.04±0.63 LOI 17.75±07 

 

Figure 1 XRPD patterns of native Mt (a), M (b) and MMW (c) with detected FexOy phases  

Iron content in Mt a MMW is presented in Table 2. In the magnetically modified montmorillonite, iron was found 
mainly in the form of FeO, Fe2O3 and Fe3O4 [13]. Magnetically modified Mt treated by microwaves contained 
8.5 wt % of the total iron which is 3.5 times more than in the original Mt (2.4 wt. %). Content of ferrous oxide 
was six times higher in the case of MMW. 

Table 2 Iron content in Mt and MMW    

Parameter Mt (wt. %) MMW (wt. %) 

Total Fe  2.4±0.1 8.5±0.4 

FeO  0.24±0.03 1.49±0.06 

The pH values of the leachate provide important information on the two-way interaction between the solid and 
liquid phase. Elements present in the solid phase may dissolve into the extraction solution (deionized water) 
and alter the pH, as shown in the Figure 2. Microwave treatment of the material led to a shift of the leachate 
pH towards more basic values (around 7.5), while the pH was unaffected by the particular ratio of the solid and 
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liquid phase. The leachate pH from the native material was 6.5-7.2 which reflects the inhomogeneity of the Mt 
samples. 

 
Figure 2 pH of extract solution prepared from M and MMW 

Leached amounts of the observed elements in the extracts are presented in the Figures 3 - 5. The amounts 
of the leached Al and Fe were below the detection limit of the used method (< 0.01 mg/L and (< 0.005 mg/L, 
respectively). Iron oxides are, thus, bound strongly to the Mt surface and the material is stable even after the 
24-hours in contact with the water environment.  

 

Figure 3 Leached amount of elements from M and MMW - ratio 1:10 000 

Relatively highest amount of the leached elements was observed when the ratio of solid and liquid phase was 
1 : 10 000 (Figure 3). From the MMt, K and Ca were the elements leached the most while Na, Mg and Si were 
leached slightly more from M. In the rest of the solid: liquid phase ratios, the same trend in the leached amount 
of Si was observed - this amount was also very similar in both of the samples. Hence, it can be concluded that 
the preparation of the magnetically modified did not alter the structure of the montmorillonite. The leached 
amounts of the ion-exchange elements (Na, K, Ca and Mg) differed between the materials. As expected, more 
K, Mg and Ca was leached from M than from MMW. This was, however, not observed in the case of Na, which 
was leached more from MMt than from M suggesting an alteration of the Na stability in Mt structure caused by 
microwave radiation. In all the elements, their amount in the leachate was affected by the solid: liquid phase 
ratio. 
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Figure 4 Leached amount of elements from M 

 
Figure 5 Leached amount of elements from MMW 

4. CONCLUSION 

Magnetically modified montmorillonite was prepared by a simple method using microwave radiation. The 
original Ivančice montmorillonite and its modified form were subjected to 24 hour leaching in deionized water 
applying various ratios of solid and liquid phase. It was proved that the magnetic iron oxides are bound to the 
Mt strongly and are, most probably, located on its surface. Microwave radiation was found not to affect the 
leaching of the elements of the basic structure of the montmorillonite (Al and Si). However, it seems to affect 
the leaching of the ion-exchange elements. Solid: liquid phase ratio affected the amount of observed elements 
in the leachate too. 
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Abstract 

Interaction between engineered nanoparticles and plants is still a widely unexplored area. While there is a 
growing body of research on the toxicity of nanoparticles to plants, their stress-inducing capabilities are less 
known. Determination of chlorophyll content in plant leaves is a relatively easy way of real-time assessment 
of the physiological state of the plant. Cauliflower (Brassica oleracea convar. Botrytis) seedlings were 
subjected to the TiO2 nanoparticles either by being planted in the nano-TiO2 enriched soil (1g/kg) or by 
exposure of its leaves to nano-TiO2 suspension (1g/L). Chlorophyll content in the shoots (mmol/m2) was 
measured both before and following the exposure in set interval; shoots were then harvested and prepared for 
Ti content analysis. While no significant decrease of chlorophyll content was observed in the unexposed plants, 
chlorophyll content significantly decreased after four days in the seedlings growing in the nanoparticle-enriched 
soil and after twelve days in the seedlings subjected to the suspension. All the seedlings appeared vital, yet 
the decrease in chlorophyll content indicates nanoparticle-induced stress that may seriously affect the yield 
from cultivated crops when these are exposed to nano-metal oxides or their composites as well as raise health 
concerns due to their bioaccumulation in the plant tissues.  

Keywords: Nano metal oxides, chlorophyll, exposure, stress 

1. INTRODUCTION 

Rapid development of nanoparticles (NPs) production and manufacturing results in increase their release to 
all parts of the environment. Since the plants are essential constituent of the ecosystems - standing at the 
beginning of the food chain - investigation of their interaction with nanoparticles (NPs) is important to avoid to 
potential ecological risk as well as negative effect on human health [1]. NPs are known to negatively affect 
plant growth, cell structure, as well as the plant physiology (reduction in seed germination, suppression of root 
elongation, reduction of biomass and leaf production) [2] biochemical functions and, finally, can cause the plant 
death [3]. Regarding the impact of metal oxide nanoparticles (including nano-TiO2, one of the most frequently 
used nanomaterials) on photosynthesis, both positive and negative effects were reported [4] [5] [6]. 

Since chlorophyll (namely chlorophyll a) is the most sensitive to photodegradation from all the other 
photosynthetic pigments, its content in shoots is a valuable indicator of the impact the exposure to 
nanoparticles has on the plant [3]. Several studies on photosynthetic organisms proved that before any 
detrimental effect on post-exposure viability or growth was observed, the chlorophyll levels already decreased 
noticeably [4] [5]. Chlorophyll content was also found in plants when no signs of toxicity were apparent using 
the conventional toxicological methods [6]. In addition, non-destructive methods using a method based on 
radiation transmittance allow measurements in vivo and monitoring of the response of an individual plant over 
the course of the experiment [7] 

The aim of this pilot study was to assess whether, in plants exposed to metal oxide (TiO2) nanoparticles either 
via root system or leaves, the chlorophyll content determined in vivo -- can be used for NP-exposure-induced 
physiological stress. 
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2. MATERIALS AND METHODS 

Store-bought young cauliflower plants (Brassica oleracea convar. Botrytis, n = 9) were transferred to the 
laboratory and, after three days of acclimatization, divided into three equally sized groups. The first group 
of plants was planted in pots containing a mixture of sowing and propagation soil substrate (AGRO) and nano-
TiO2 powder (1 g/kg) prepared by mixing both components together in a rotational shaker for 24 hours. The 
second group was planted in the same, yet uncontaminated, substrate and their leaves were sprayed, 
biweekly, with 5 ml of 1g/L water suspension of nano-TiO2. The last group was only planted to the substrate 
and subjected to no treatment (control). During the experiment, all plants were watered with tap water when 
necessary (dry substrate). 

TiO2 NPs for the experiments were prepared from titanyl sulfate (Precheza a.s.) precursor containing 102 g 
of TiO2 per 1 dm3 of suspension. The suspension was hydrolysed and, consequently continuously stirred for 5 
hours at 100°C. The solid phase was then separated by decantation, washed several times with distilled water 
until the conductivity of the filtrate was lower than 100 µS·cm-1, and dried at 105 °C for 24 h. 

The substrates used - both enriched and original - were leached and the leachate was analysed for Ti content. 
Atomic emission spectroscopy with inductively coupled plasma (ISP-AES) showed no titanium leaching from 
the original substrate (<0.01 mg/L) and 0.028 mg/L leaching from the contaminated substrate. The chlorophyll 
content measurement was performed in vivo using MC-100 Chlorophyll Concentration Meter (Apogee) in ten 
replications per measurement. All the leaves available for the measurement of the plant were targeted. The 
measurement was performed immediately after planting, after 24 hours, 4 days and 12 days from the planting. 
Measured chlorophyll content was expressed in µmol m-2. 

After the exposure period, the above-ground parts of plants were harvested and dried to constant weight at 
45 °C; due to the small yield, the samples were merged according to the treatment, homogenized and 
pulverized. After thermal digestion in a mix of chemicals (HF+HNO3+H2O2), the samples were analysed for the 
content of Ti (as well as Ca, K, Mg and Na, essential mineral elements) using ICP-AES (SPECTRO CIROS 
VISION, Spectro). 

Statistical analysis of the measured data as well as their graphical representation using the R [8] One-way 
analysis of variance (ANOVA) was used to assess the differences in chlorophyll content among the treatments, 
post hoc Tukey HSD test was used for the pair-wise comparison and identification of the particular differences. 

3. RESULTS AND DISCUSSION 

The resulting content of the selected 
elements in the shoots (after 12 days 
of experiment) showed marginal 
difference in the content of essential 
elements among the treatments 
(Figure 1). However, the titanium 
content was significantly higher in the 
above-ground cauliflower biomass of the 
plants subjected to the nano-TiO2 
exposure via leaves (in suspension) - 
while the difference between the control 
plants and plants grown on NP-enriched 
soil was negligible. 

Figure 1 Content of selected elements in the plants depending on the treatment 
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In the control plants, a slight decrease in chlorophyll content was observed at the end of the experimental 
period, however, it was not found to be significant by ANOVA (Figure 2). It is, indeed, conceivable that the 
stress of replanting had some effect on the experimental plants - expressed in chlorophyll decrease - 
nevertheless, the experimental period was too short to fully address this issue. 

 

Figure 2 Chlorophyll content in the unexposed (control) plants. Identical letters above the boxplots denote 
the non-significant difference between the measurements. 

In the plants subjected to the nano-TiO2 suspension sprayed on their leaves, the decrease in chlorophyll was 
much more prominent around the 12th day (Figure 3). ANOVA confirmed this decrease as significant  
(p = 2.02 ⋅ 10-9), Tukey HSD test specified that the difference is between the 12-day measurements and all the 
other measurements while the rest of the measurements did not significantly differ from each other. 

 

Figure 3 Chlorophyll content in the plants exposed to the 1g/L nano-TiO2 suspension. Identical letters above 
the boxplots denote the non-significant difference between the measurements. 
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Chlorophyll content in the plants grown in the substrate enriched with nano-TiO2 showed the most distinct 
decrease - this time, it was as early as at the 4-day mark. Further, a steep decrease in chlorophyll content was 
observed after 12 days from replanting. Both of these decreases were found to be significant by ANOVA 
(p = 3.62 ⋅ 10-11), Tukey HSD test further confirmed significant difference not only between the particular 
decreases and post-plantation state but also between each of the decreases. 

 
Figure 4 Chlorophyll content in the plants planted on in the nano-TiO2 - enriched soil. Identical letters above 

the boxplots denote the non-significant difference between the measurements. 

It is apparent that both treatments considerably affected the chlorophyll content in the assessed plants while 
the exposure via roots (growing on the artificially contaminated substrate) proved to have a more damaging 
impact on the chlorophyll content than the exposure via leaves. In addition, chlorophyll content - measured 
using the chosen non-invasive method - was confirmed to be an indicator of the stress induced by the nano-
TiO2 exposure suitable for a real-life assessment of the physiological state of the exposed plant even in such 
a short period of exposure time. 

The significant decrease in chlorophyll content in the plants grown on the NP-enriched soil (even in comparison 
with plants exposed to nano-TiO2 via leaves) in combination with the fact that no titanium was found in the 
above-ground parts of these plants is noteworthy. It indicates that while the plants absorbed enough 
nanoparticles to negatively affect their photosynthesis, the translocation of the accumulated NPs was low to 
none. This is of great importance since modelling of environmental concentrations of engineered TiO2 
nanoparticles suggests the soils to be the greatest source of nanoparticles available to plants [9]. It is also 
consistent with the findings of Asli and Neumann [10] who found that the nanoparticles enter the root hairs 
of maize (Zea mays L.) and adhere to their cell walls, which causes the physical clogging of the root system 
leading to reduced water and nutrient uptake. Due to the environmentally rather unreasonable concentration 
of NPs in the substrate, this may be easily the case, however, the specific mechanism of the nano-TiO2 
penetration and accumulation in the roots of cauliflower is yet to be uncovered. 

4. CONCLUSION 

Nanoparticles of TiO2 were found to affect the chlorophyll content in the cauliflower plants regardless 
of whether they have been exposed via roots or leaves. Leaf exposure lead to accumulation of the titanium in 
the shoots, while root exposure affected the plant physiology both quicker and more severely. On the other 
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hand, transport of the nano-TiO2 from the roots to the above-ground parts of the plants was not confirmed; 
hence, the alteration of the plant physiology must take place immediately in the plant root system. Chlorophyll 
content measured using non-invasive method was proved to be a valuable indicator of the plant stress levels 
following the exposure to the TiO2 nanoparticles in both assessed ways of exposure. 
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Abstract 

This study investigated the stabilization of cadmium sulfide (CdS) nanoparticles in aqueous solutions of the 
triblock copolymer Pluronic P123. The concentration of the added cadmium sulfide varied between 0.002 and 
0.02 M. For the synthesis, sodium sulfide and cadmium chloride were both dissolved in aqueous P123 
solutions with concentrations of 23 and 30 weight percent (wtp) of polymers. Both solutions were cooled to low 
temperatures and mixed in a heated sample cell. The stabilization of CdS nanoparticles was successful for 
both P123 concentrations. The stabilized nanoparticle-polymer solutions were investigated using ultraviolet-
visible spectroscopy (UV-Vis) and small- and wide-angle-x-ray-scattering (SAXS/ WAXS). In the absorption 
spectra measured by UV-Vis spectroscopy, no shift of the absorption edge, depending of the CdS 
concentration in solution is visible indicating a bulk like behavior. SAXS showed, that the distance between the 
Pluronic micelles is not changing in the lyotropic liquid crystal (LC) phase by adding CdS, but a significant rise 
of the scattering intensity was visible. We assume, that the nanoparticles are located in the micellar core. As 
proved by WAXS, in some cases even crystalline nanoparticles could be produced. This sample system 
consisting of polymeric micelles and nanoparticles can be seen as a model for studying the formation 
of nanoparticles because the crystallization process of the nanoparticles was enlarged form a timescale 
of nanoseconds to minutes.  

Keywords: Pluronic, P123, cadmium sulfide, nanoparticles, SAXS, WAXS, UV-Vis, kinematics, stabilization 

1. INTRODUCTION 

Cadmium sulfide nanoparticles were studied, because of their size-dependent optical and electronic 
properties. As an II-VI semiconductor it has a wide band gap in the range from 2.45 �Ê as bulk material to 
3.25 �Ê as a 3 �Ì small particle [1]. They can be used in catalysis [2], the purification of water [3], as biological 
labels [4] or as materials for solar cells [5]. One of the most interesting effect of CdS is the size quantization 
effect or quantum size effects (QSE). At first it was calculated by Burs [6] and also shown by Schmidt et al. [7]. 
The calculation is based on the lowest Eigenstates of an electron-hole pair, also called Wannier exciton. The 
lowest 1S exciton of CdS is about 60 Å in diameter [6]. Lowering the diameter of the nanoparticles from 100 to 
40 Å, a shift of 0.43 �Ê towards higher energies will accrue. Thus, the absorbance will be different for different 
sized nanoparticles. Since CdS is very hydrophobic, it is not possible to synthesize nanoparticles in aqueous 
solutions without added stabilizers. Various ways to synthesize CdS nanoparticles and quantum dots can be 
found in literature [4], [8], [9]. A. Rempel et. al. found a way to synthesize CdS nanoparticles in water with 
EDTA disodium salt (C10H14N2O8Na2, Na2H2edta) [10]. They found that the nanoparticle size distribution could 
be described with a normal distribution function with a maximum at 2.6 �Ì surrounded by an organic shell 
of around 5 �Ì. 

In our opinion, another promising way to stabilize CdS are polymers, which form micelles with hydrophobic 
cores. With this method, the properties of the polymers can be used - e.g. the formation of liquid crystals - to 
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modify the structuring of the nanoparticles. A suitable candidate is Pluronic P123, because it is already well 
investigated and has the required behavior [11]-[14]. At low temperatures (5°C), P123 is present as unimers, 
elongated chains in an aqueous solution. Reaching the critical mizellization temperature, unimers will form to 
micelles. In this manner P123 is a promising system to stabilize CdS. 

2. SAMPLES AND METHODS 

2.1. Samples 

Pluronic P123 was purchased from Sigma Aldrich (CAS Number: 9003-11-6) and used as received without 
any further purification. P123 (PEO19-PPO69-PEO19) is a triblock polyether copolymer consisting 
of polyethyleneoxid (PEO) and polypropyleneoxide (PPO). Fourier transform infrared studies show that both 
PEO and PPO chains undergo a dehydration while increasing the temperature. The degree of dehydration is 
lower for PEO than for PPO [15].  

CdS was synthesized with the method of A. Rempel et.al. [10]. There cadmium chloride (CdCl2) and sodium 
sulfide (Na2S), each in an aqueous solution with EDTA, have to be mixed to produce nanoparticles. Both were 
purchased from Sigma Aldrich and used as received (CAS-Numbers: 10108-64-2 and 1313-84-4). Instead 
of EDTA we used P123 as a stabilizer. Thus, two solutions were prepared. One with water, P123 and CdCl2 
(SolC) and one with water, P123 and Na2S (SolS). When those two solutions were mixed at the right 
temperatures and the right concentrations, stable solutions can be realized. We used two concentrations 23 
and 30 wtp of P123 and seven concentrations 2, 4, 6, 8, 10, 15 and 20 mM of CdCl2 and Na2S.  

2.2. Methods 

In principle, the mixing and stabilization process consists of two steps: cooling the reactants (SolC) and (SolS) 
and mixing them in a tempered sample cell. Thus P123 at 30 wtp is forming a liquid crystal, which is gel like, 
the reactant temperature has to be below the critical crystallization temperature. The reactants were filled in 
syringes and cooled in a tempered metal block. The liquids were lead through short pips into a Y-connector 
where they were mixed and the mixed product was lead into a tempered cell after the mixing. This flow through 
cell was also the sample cell for the SAXS and WAXS measurements and is suitable for vacuum. Before the 
mixing, the solvents were cooled to 5°C and tempered to 30°C after the mixing to have a defined start for the 
stabilization of the nanoparticles. For uniformity, the 23 wtp solutions were treated the same way. For the UV-
Vis-spectroscopy measurements the sample were premixed in a glass container before transferring them in 
the designated sample holders. 

Small angle x-ray scattering (SAXS) and wide angle x-ray scattering (WAXS) measurements were 
accomplished at an in-house self-build machine, at the Chair of X-ray Microscopy (University Würzburg), which 
is optimized for low contrast measurements. The machine is equipped with a rotating anode micro focus x-ray 
source with a copper target, a paralyzing mirror and slits for a determinable and variable beam shape with a 
high flux. The sample can be tempered between 2 °C and 70 °C. The sample detector distance (SDD) is 
variable between 5cm and 3.5 m with a resulting Q-range of 0.005 to 5 Å-1. The detector is a Dectris EIGER 
1M. The complete system operates in vacuum to minimize scattering and absorption of air. All data sets were 
reduced with Nika a macro for Igor Pro [16]. 

Optical absorption spectra were recorded by a FS-5 spectrofluorometer from Edinburgh Instruments, at the 
Institute of Solid State Chemistry (Ural Branch of the Russian Academy of Sciences, Eekaterinburg) in the UV 
and visible ranges. The device is equipped with continuous Xe-lamp (450 W) and silicon photodiode for 
transmission measurements. Quartz cuvettes with a optical light paths of 0.5 mm were used. The reference 
sample for measurements was an aqueous solution of P123.  
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3. RESULTS 

To choose the right temperatures and conditions for the stabilization and mixing process, pure aqueous 
solutions of P123 with a concentration of 30 wtp were precisely examined. At 10 °C unimers start to form 
micelles, which can be seen in the Figure 1. The scattering curve of unimers can be described as an 
exponential decay. At 17°C the micelles can be seen in the scattering curve with a strong form factor. Heating 
the solution above 20 °C a liquid crystal is formed, which can be seen by the peaks of the red curve. The 
solution forms a gel. Above 37 °C the slope changes again to a less ordered system. The black curve has no 
distinct peaks due to the peak broadening. Also the gels start to liquefy again.  

 

Figure 1 SAXS measurements of Pluronic P123 with a concentration of 30 wtp at different temperatures. 
Each measurement was integrated for 2h.  

The two reactants solutions (see 2.1) were cooled down to 5 °C and mixed in a heated capillary at 30 °C. CdS 
was stabilized with this method, proved in Figure 2. On the left side (Figure 2a) various CdS concentrations 
are shown starting from 0.002M on the right up to 0.02M on the left. The gels have a light yellow color at low 
concentrations changing to orange for higher concentrations, which are stable for days. In Figure 2b shows 
pure CdS in water mixed in a capillary. An orange separated phase arises due to the high hydrophobicity 
of CdS. 

 

Figures 2c-f depict the formation process of a 0.005M CdS solution at different times. Until a stable color 
settles, 5 minutes passed. No phase separation is visible. P123 with an CdS concertation of 0.005 and 0.01M 

Figure 2 Exaples of stabilized CdS nanoparticles from 0.002M rigth and 0.02M left (a). The capilliry of the 
sample cell is shown in (b-f), where (b) is filled CdS in pure water, and (c-f) shows the stabilization of CdS 

with P123 rigth after the mixing of both solutions (c) until five minutes after the mixing (f). 

a c b d e f 
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were analyzed with SAXS and WAXS. The SAXS scattering pattern are shown in Figure 3. The peaks 
corresponding to the LC structure for pure P123 and with added CdS do not shift (see Table 1). The peaks 
were fitted with a gaussian function. By adding CdS to P123, a significant higher scattering intensity is visible. 
Aqueous solutions of P123 with a concentration of 23 wtp were also used to produce CdS nanoparticles and 
measured with SAXS. Those samples show the same color as CdS in a 30 wtp solution of P123, but 23 wtp 
do not form lyotropic LC. Those samples were able to stabilize CdS, but have been still liquid. To study the 
optical properties and thus to draw conclusions about the nanoparticle sizes UV-Vis Spectroscopy 
measurements of different CdS concentrations were conducted (see Figure 4a). The absorbance increases 
with raising the concentration of CdS. The region between 450 and 500 nm is interesting to determine the 
bandgap of the CdS nanoparticles. For this purpose an analysis of the absorption spectra was carried out 
using current concepts of semiconductor physics developed for bulk materials [17]. According to Tauc theory 
the spectra indicate a direct optical transition [18]. Using the spectral curves, the absorption edge or band gap 
is specified as the intersection of the first linear segment of the absorption curve with the x-axis [18]. The 
resulting bandgap does not change within the error with changing concentration of CdS (see Figure 4b). For 
both concentrations of CdS also WAXS measurements were conducted, to characterize the crystallinity of the 
produced CdS nanoparticles. For 0.005M, no reflexes were visible. However, for a concentration of 0.01M 
CdS stabilized in 30wtp P123 very narrow single reflexes are visible and can be assigned to circles (see  
Figure 5). The reflexes are marked with white rings.  

 

Figure 3 SAXS measurements of pure P123 and with added CdS with concentrations of 0.005M on the left 
and 0.01M on the right. Note that on the left side water was not subtracted, where water is subtracted from 

both data sets in the right graph. 

 

Figure 4 UV-Vis measurments of 30 wtp P123 and different concentrations of CdS on the left (a) and  
the calculated bandgaps with Tauc theory [20] on the right (b). 

a b 
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Table 1 Positions of the structure peaks of pure P123 with a concentration of 30 wtp and added Cds 

Composition 1. Peak [1/Å] 2. Peak [1/Å] 

P123 0.063730 ± 0.000046 0.07402 ± 0.00027 

P123 + CdS 0.063980 ± 0.000016 0.07492 ± 0.00023 

 

 

Figure 5 WAXS measurement of 0.01M CdS stabililized with 30wtp P123. Reflexes, which are located on 
rings were marked with white rings 

4. DISCUSSION 

Having in mind that CdS and PPO of P123 are distinct hydrophobic (see 2.1), we assume, that the stabilization 
process is driven by a hydrophobic-hydrophobic interaction. The SAXS data for pure 30wtp P123 and for added 
CdS show, that the inter micellar distance, represented by the peaks, does not change. This is an indication 
that there was no change in the size of the micelles. The succinct raise of the intensity is caused by an 
amplification of the scattering contrast due to the presence of CdS. According to this interpretation, the CdS 
could be found either in the micelle or between the micelles stabilized by the lyotropic LC. Since the liquid 
23wtp P123 solutions were able to stabilize CdS and no precipitation of CdS was visible, the latter option must 
be dismissed. Considering that the shell of the micelle is usually more hydrated then the core, we assume that 
the CdS is stabilized inside the micellar core. Furthermore, this confirms the hydrophobic-hydrophobic 
interaction. It was not possible to determine the size of the CdS nanoparticles with SAXS. In this regard, UV-
Vis measurements were conducted to draw conclusions about the size of the nanoparticles. The 
measurements showed that CdS nanoparticles display the same behavior as bulk CdS, with a bandgap of *Ó =
2.45 �Ê. By varying the concentration of CdS, no correlation to the quantum size effect could be determined. 
The reason for this could be that the number of nanoparticles larger than 60Å in diameter is much higher than 
for particles with smaller diameters showing a quantum size effect. This indicates a broad size distribution. 
However, note that the mixing procedure of UV-Vis and SAXS was not identical, due to experimental 
requirements. WAXS analyzes the crystallinity of the CdS nanoparticles. The optical absorption spectra prompt 
the formation of a CdS phase. WAXS measurements of 0.01M CdS in 30wtp P123 showed sharp single crystal 
reflexes. Although the exact crystal structure cannot be determined out of the date, it clearly shows that the 
crystallinity is temperature dependent. By controlling the temperature, it is possible to influence the 
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micellization and formation of LC. Thus, it is possible to control the kinematics of the crystallization process 
of cadmium sulfide. Additionally the timescale for the crystallization is enlarged from the timescale 
of nanoseconds [19] towards minutes, which is a deceleration of seven orders of magnitude in time.  

5. CONCLUSION 

It is possible to stabilize hydrophobic CdS nanoparticles with Pluronic P123. The structure of 30wtp P123´s 
lyotropic LCs does not change upon adding CdS, but it‘s scattering intensity rises significantly. Also CdS could 
be stabilized with a liquid P123 solution, proving that the nanoparticles are located inside the micelles. Due to 
the lower hydration level of core compared to the shell, the nanoparticles should be stabilized by the core, 
which confirms a hydrophobic-hydrophobic interaction. UV-Vis measurements yield mostly nanoparticles 
bigger than 60Å, because of a bulk-like behavior of the nanoparticle’s bandgap. With WAXS it was proved, 
that it is possible to produce crystalline CdS nanoparticles. First investigations of the kinematical process show 
an enlargement of the crystallization timescales form nanoseconds to minutes. 
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Abstract 

In this study, the effect of severe plastic deformation on grain size refinement and mechanical properties of a 
coarse-grained steel was investigated. The experimental material used in the present investigation was 
advanced tungsten modified 9 %Cr P92 steel. The coarse-grained state of P92 steel was deformed at room 
temperature by high-pressure sliding or high-pressure torsion. The microstructure was investigated using 
Tescan Lyra 3 scanning electron microscope equipped with an electron-back scatter unit. Severe plastic 
deformation at room temperature led to grain size reduction down to sub-microscopic level. The grain size and 
hardness exhibited significant changes to the equivalent strain of about 10, and slight changes between the 
equivalent strains of 10 - 20. Equivalent plastic strains higher than 20 only led to insignificant changes in the 
mean grain size and hardness. The creep behaviour of the ultrafine-grained state exhibited the minimum creep 
rate of about two orders of magnitude greater when compared to the coarse-grained P92 steel.   

Keywords: Steel, ultra-fine grained materials, creep, electron back scatter diffraction 

1. INTRODUCTION 

Tempered martensitic 9-12 % chromium steels are widely used for high-temperature components of steam 
power plants. The creep resistance of these steels is particularly given by the microstructure containing free 
dislocations and low energy boundaries, such as low angle grain boundaries and martensitic lath boundaries 
pinned by precipitates [1,2]. Their microstructure stability is significantly reduced during long-term operation 
by recovery of tempered martensite, coarsening and/or dissolving of primary precipitates and precipitation 
of new secondary phases.  

Bulk ultra-fine grained and nanostructured materials can advantageously be produced by the methods 
of severe plastic deformation (SPD) [3-6]. The most attractive method is high pressure torsion (HPT) refining 
the structure of metallic materials to the ultra-fine (<1 µm) or even nano (<100 nm) scale [7-10]. The grain size 
of HPT-processed materials is so small that new low-angle grain boundaries are not formed in the grain interior. 
Thus the grain boundaries limit the mean free dislocation path and the dislocations easily recover at high-angle 
boundaries. Recent works [11,12] showed that grain size reduction to the microscopic level and high number 
of high-angle grain boundaries (HAGB) increase the contribution of boundary-mediated processes to the total 
creep deformation. Also, creep resistance was found to be reduced by high density of mobile dislocations in 
P91 steel after ageing for 1 week at 973 K and subsequent deformation by 1 ECAP pass at an elevated 
temperature [13]. The aim of this work is to study the influence of the application of severe plastic deformation 
on microstructure and creep behaviour of ultrafine-grained P92 steel. 
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2. EXPERIMENTAL MATERIAL AND PROCEDURES 

The used experimental material was advanced tungsten modified 9 %Cr P92 steel. The chemical composition 
and heat treatment of the as-received state are given elsewhere [14]. Discs of 30 mm diameter and 1.1 mm 
thickness and sheets with dimensions of 10x100x1.1 mm3 were cut from as-received P92 steel. Further, the 
discs were processed by 1 rotation HPT at room temperature under the pressure of 6 GPa and rotation speed 
of 0.1 mm per second. The sheets were processed by high-pressure sliding (HPS) at room temperature with 
the sliding distance of 15 mm under the pressure of 4 GPa. The value of von Mises equivalent strain during 
HPT is proportional to the radius of the disc according to the following equation [5]: 

ÔMÕ = 2Ö�//√3�                                                                                                                         (1) 

where r is the distance from the disc centre, N is the number of turns and t is the thickness of disc. The value 
of von Mises equivalent strain during HPS process was estimated using the following equation [15]: 

ÔMÕ = �/√3�                                                                                                                                 (2) 

where x is the sliding distance of plunger with respect to anvil and t is the thickness of the sample.  

Constant load tensile creep tests were conducted at 873 K and 150 MPa. The testing was performed in 
protective argon atmosphere using flat specimens with the gauge length of 10 mm and cross section of 3 x 1 
mm2. The centre of the gauge length of tensile HPT-processed specimen was situated 7.5 mm from the central 
part of the disc. The UFG creep specimen was thus manufactured from the disc region with the equivalent 
strain of about 20-30. The gauge length of the HPS tensile specimen was taken from the central part of the 
sheet. The equivalent strain of the HPS specimen was about 7.9.  

Microstructure investigations were performed using scanning electron microscope Tescan Lyra 3 equipped 
with NordlysNano EBSD detector operating at the accelerating voltage of 20 kV with specimen tilted at 70°. 
The electron back scatter diffraction (EBSD) analyses of UFG P92 steel were performed in the metallographic 
section perpendicular to the rotation axis of the disc and in the section parallel to the anvil. The step size 
of 25 nm for the EBSD maps was selected with respect to the inter-boundary spacing. The EBSD data were 
analyzed using HKL Channel 5 software developed by Oxford Instruments. The high-angle grain boundaries 
(HAGBs) were characterized as boundaries with misorientation angle θ > 15° and low-angle grain boundaries 
(LAGBs) as boundaries with θ < 15°. Standard intercepts counting of LAGBs and HAGBs were carried out 
along tests lines. The value of the inter-boundary spacing was determined as the arithmetic average of the 
results in two perpendicular directions (horizontal, vertical). 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1. Microstructure after severe plastic deformation 

Figure 1 shows the microstructure of P92 after 1 HPT revolution at room temperature in various positions from 
the center of the HPT disc. The microstructure acquired ~ 0.5 mm from the centre of HPT disc contained about 
55 % of HAGBs (Figures 1a and 1b). The equivalent strain of about 1.6 caused reduction of the mean grain 
size down to 0.57 µm. However the microstructure was not homogeneous and contained the mixture of fine 
and large grains exceeding 1 µm. The further increase in plastic strain up to 23 led to additional reduction 
of grain size down to about 0.15 µm. The microstructure acquired ~ 7 mm from the centre of HPT disc exhibited 
nearly random distribution of misorientation angles (Figures 1c and 1d). The results demonstrate that the 
microstructure homogeneity increases with increasing value of the plastic strain occurring during HPT. 
Nevertheless, the microstructure was not fully homogeneous even after εeq=23 (r = 7 mm).  
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a) b)  

 

c) d)  

Figure 1 Microstructure and misorientation distribution of P92 steel after HPT deformation 
a, b) r = 0.5 mm (εeq~1.6), c, d) r = 7 mm (εeq~23) 

Figure 2 shows the microstructure of the specimen processed by 1 HPS pass taken from the rear (Figures 2a 
and 2b) and middle (Figures 2c and 2d) parts of the sheet. Microstructure in the middle part of the sheet 
contained grains with the mean size of about 0.3 µm. In the microstructure about ~ 77 % of HAGBs was 
estimated. EBSD analyses revealed that the microstructure of the HPS-processed sheet was not fully 
homogeneous. The microstructure observed in the edges was different in comparison with the microstructure 
situated in the middle part.   

The different microstructure at the edge can be the consequence of the material flow - excess material at the 
front part and lack of material at the rear part [15]. The results demonstrate that plastic strain of about 1.6 led 
to the formation of ultra-fine grained microstructure with high number of HAGBs. It means that the boundaries 
of tempered martensite in the as-received state with the preferential misorientations near Σ 3 (111/60°) [16] 
were replaced by random HAGBs. The further increase in plastic strain led to the formation of more or less 
homogeneous structure with almost random grain misorientation distribution. Similar microstructures have 
been found after large strains in regions of microstructure refinement saturation [17]. 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

600 

 

a) 

b)  

 

c) 

d)  

Figure 2 Microstructure and misorientation distribution of P92 steel after HPS deformation a,b) 
rear part, c,b) middle part (εeq~7.9) 

3.2.  Mechanical properties of P92 steel after severe plastic deformation 

Figure 3 shows the dependence of average hardness on equivalent strain measured after HPT and HPS. The 
results show that hardness changes significantly to the strain of about 10. The further increase in plastic strain 
to 10 - 20 only caused slight additional increase in hardness. Equivalent plastic strains higher than 20 led to 
insignificant changes in hardness. The results also show hardness saturation at large strains. Thus, present 
observation is consistent with the results published in other works [17,18]. The microstructure refinement 
saturation often begins at strains between 10 and 30. It means that the grain size and HAGBs frequency do 
not change with further deformation. The comparison of creep curves acquired for as-received state of P92 
steel and specimens processed by HPT and HPS are shown in Figure 3b. Inspection of Figure 3b revealed 
that the minimum creep rate becomes faster and the time to fracture becomes shorter with increasing plastic 
strain introduced into the microstructure during HPT and HPS. The faster creep rate observed in HPT and 
HPS processed specimens is related to the grain refinement and can be explained by boundary-mediated 
processes such as enhanced storage and recovery of dislocations at HAGBs and grain-boundary sliding 
[11,12]. The slight differences in creep behaviour found in HPT and HPS processed specimens could be 
caused by larger grains found in HPS processed specimen. Thus the lower frequency of HAGBs measured in 
HPS processed microstructure is available for boundary-mediated processes. 
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a)  b)  

Figure 3 Mechanical properties of P92 steel processed by HPT and HPS deformation  
a) hardness at RT, b) creep behaviour at 873 K  

4. CONCLUSIONS 

Microstructure investigations showed that HPT and HPS at room temperature reduced grain size down to 
submicrometer level. P92 steel processed by HPT and HPS exhibited higher hardness at room temperature 
and faster minimum creep rate in comparison with coarse-grained P92 state. It is suggested that the change 
of mechanical properties in UFG steel is influenced by HAGBs. They strengthen UFG state at room 
temperature serving as the obstacles to dislocation glide but may soften the UFG material through boundary 
mediated processes such as enhanced storage and recovery of dislocations at HAGBs or grain-boundary 
sliding at elevated temperatures. 
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Abstract 

The influence of lower temperature on size and polydispersity of silver nanoparticles prepared by reduction 
of the silver(I) diamine complex cation by sodium borohydride was studied. The preparation was carried out in 
ethylene glycol and ethanol in the presence of stabilizing agents. Silver nanoparticles were characterized by 
UV-Vis spectroscopy, dynamic light scattering (DLS) and transmission electron microscopy (TEM). The best 
results were achieved in ethanol. The smallest nanoparticles were prepared at the reaction temperature of -
5 °C (3,4±1,7 nm). With decreasing temperature, the average size of silver nanoparticles increased up to 
7.2±2.9 nm (-25 °C).  

Keywords: Silver, nanoparticles, low temperature, preparation 

1. INTRODUCTION 

Present period of intense progress of nanotechnology brings a new life to materials, which have been used for 
centuries - materials, which enabled establishment of a significant branch of physical chemistry - the colloid 
chemistry. Colloid metal particles or currently more often labelled as nanoparticles always played an important 
role in technology, especially in the process of glass and ceramics dyeing [1], where gold colloids were 
of primary importance. The last quarter of the 20th century was characteristics with the renaissance of interest 
in metal colloid particles, especially due to the discovery of surface enhanced Raman scattering (SERS) [2], 
which initiated rapid development of the novel, highly sensitive spectroscopic technique enabling studies 
of single molecule [3]. The interest in silver nanoparticles (Ag NPs) as antibacterial agent is also worth 
mentioning as growing resistance of bacteria against antibiotics proves to be a key obstacle for the medicinal 
practice in the future [4]. Silver is probably the most frequently studied metal in the area of nanomaterial 
chemistry from the point of view of both unique physicochemical properties and area of application. However, 
the task of the preparation of silver nanoparticles with desired properties is far away from being completely 
solved. 

Contemporary intense development of „wet processes“ commonly used in the Ag NPs preparation is closely 
connected with its SERS application. This area was pioneered by Creighton, Blatchford a Albrecht who 
prepared the silver particles using the reduction of AgNO3 with a strong reducing agent (Na[BH4]) in ice cooled 
aqueous medium [5]. The resulting nanoparticles were in the diameter from 5 - 20 nm with the absorption 
maximum („surface plasmon“) located at approx. 400 nm. The second, from already well-established reduction 
processes, is known as Lee and Meisel’s process which uses weaker reducing agent, the citrate anion [6]. The 
citrate anion has additional function to stabilize silver nanoparticles in the course of their formation [7]. The 
reduction process is completed after boiling the reaction mixture for one hour; the prepared nanoparticles are 
significantly bigger and of higher polydispersity than nanoparticles prepared using borohydride as the 
reduction agent. Their diameters range from 30 to 120 nm, their surface plasmon is located at approx. 420 nm 
and the stability of the dispersion is limited, when compared to the borohydride process. Therefore, 
borohydride reduction method offers more reliable fabrication of small and stable Ag NPs. However, 
reproducibility of this process is lower and strongly dependent on the good laboratory experience. The aspect 
of reproducibility can be positively influenced using appropriate stabilizers. However, the addition of a modifier 
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in the course of the reduction can result in a certain increase in the particle diameter (when compared to the 
original process) [8]. Therefore, the idea of the lower temperature application could represent a solution how 
to increase reproducibility of the reduction process with the result of production of particles under 10 nm in 
diameter. Unfortunately, conducting of the reduction in aqueous environment is limited with the freezing point 
of water. Lowering the reaction temperature under 0°C could be achieved only with anti-freezing mixture 
of water with alcohols. This mixture and also pure alcohols are often used as non-aqueous environment for Ag 
NPs production. The alcohols are weak reduction agents. Therefore, they can be used directly for production 
of Ag NPs without utilization of any other reduction agent, especially under elevated temperature. Polyols are 
used in this way for preparation of the Ag NPs. The stability of the nanoparticles in non-aqueous environment 
is low and suitable stabilizers should be used for prevention of the aggregation. Typically, Ag particles prepared 
in ethyleneglycol at 180°C are due to aggregation bigger than 1 µm. This particle diameter, however, steeply 
decrease to 50-80 nm when polyvinylenepyrrolidone (PVP) is used as polymeric stabilizer [9]. This size could 
be additionally lowered down to 10 nm when ammonia was used as a complexing agent [10]. Also simple 
alcohols can be used directly as reducing agent. Typically, ethanol can reduce Ag+ directly to Ag NPs and on 
the contrary to the polyols the reduction process can be conducted at laboratory temperature. of course, 
utilization of the stabilizers as PVP is necessary also in this case [11,12]. Nanoparticles with diameters below 
10 nm can be produced by following the same preparative process when some specific stabilizers are applied. 
Ag NPs in diameter range from 5 up to 100 nm can be produced via solvothermal synthesis in ethanol and 
under the support of dodecanethiol stabilization (unfortunately, this compound strongly inhibited the surface 
activity of the Ag NPs) [13]. Application of stabilizers from the group of non-ionic surfactants (Brij, AOT, Tween) 
is connected with synthesis of Ag NPs with size under 10 nm (6-10 nm) performed under laboratory 
temperature [14], and the application of latex microparticles as stabilizers in combination with microwave 
synthesis resulting in fabrication of Ag NPs in the diameter range 5-10 nm (note: the system exhibit high 
polydispersity) [15]. The smallest Ag NPs were prepared using aminosilanes as stabilizers - the diameter range 
was 1-3 nm under elevated temperature (30-60°C). Several studies were also conducted in ethanol 
environment using e.g. hydrazine as a reducing agent to produce stable Ag NPs (stabilized by PVP) but the 
obtained particles were in the diameter range 50-70 nm [16]. Also studies employing photons as initiator of the 
reduction process were published - γ-radiation proved to be more effective (Ag NPs fabricated were in the 
diameter range 15-35 nm) [17] than visible light (diameter in the range 20-100 nm) [18]. 

In spite of the number of the above mentioned studies, none of them was aimed on utilization of temperature 
lower than 0°C as a key condition for a reproducible production of truly small (under 10 nm) Ag NPs. Therefore, 
the study of the influence of the temperature under the freezing point of water became the main task of the 
presented study. 

2. EXPERIMENTAL 

Silver nanoparticles were prepared via the reduction of silver(I) diamine complex cation [Ag(NH3)2]+ using 
sodium borohydride as a reducing agent. 50 % v/v ethanol was used as reaction medium to have possibility 
conduct the reaction down to -25 °C. 5 mL of 5 mmol/L aqueous solution of AgNO3 (p.a., Sigma Aldrich) was 
mixed in a baker with 5 mL of 25 mmol/L ethanolic solution of ammonia (p.a., Sigma Aldrich) and 2.5 mL of 1 % 
w/w aqueous solution of polyacrylic acid (Mr=1,200, Sigma Aldrich). The reaction mixture was cooled down to 
reaction temperature in cryostat after adding additional ethanol (7.5 mL, UV purity, Sigma Aldrich) and water 
(4 mL). After the adjustment of the temperature, the reaction was started through the injection of 1 mL 
of precooled 5 mmol/L aqueous solution of NaBH4 (p.a., Sigma Aldrich) using injection rate 0.2 mL/min. 
Although the reaction rate decreased with decreasing temperature, it was anyway completed after 10 min from 
the injection of the reducing agent which was indicated by stable yellow color of the reaction mixture. The 
reaction mixture was stirred using external stirrer with glass propeller the whole reaction time. All used solutions 
were prepared with deionized water (18 MΩ·cm, Millipore). 
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After completing of reaction the reaction mixture was taken out from cryostat and was kept freely on the air to 
reheat it to the room temperature. Then the prepared dispersion of nanoparticles was characterized using UV-
vis spectroscopy (Specord S 600, Analytik Jena AG, Germany) in 1 cm cuvette after 5 times diluting by water, 
dynamic light scattering (DLS) on Zetasizer Nano ZS (Malvern Co., UK), and transmission electron microscopy 
(TEM) on JEM 2010 (Jeol, Japan) instrument. 

Catalytic activity of the prepared nanoparticles was evaluated using a model reaction based on the reduction 
of methylene blue (MB) by NaBH4. The reaction course was monitored via the UV-vis spectroscopy thanks to 
the observation of the intensive absorption peak of the oxidized MB form at the wavelength of 664 nm. The 
catalytic experiments were performed directly in the spectroscopic cuvette under laboratory temperature. 1 mL 
of 10 μmol/L aqueous solution of MB in ammoniacal buffer (pH=10) was pipetted to the cuvette with 10 μL 
of the prepared nanoparticle suspension and 1 mL of water. The reaction was started through a quick injection 
of 1 mL of 0.5 mmol/L aqueous solution of NaBH4. During reaction course, spectra of the MB in the interval 
360-760 nm were acquired in the regular time intervals. The evaluation of the kinetic data was performed using 
values of maxima absorbance MB from the recorded spectra using approximation of the 1. order kinetic 
equation. 

3. RESULTS AND DISCUSSION 

The used preparation method for Ag NPs is based on the previously mentioned Creighton, Blatchford a 
Albrecht borohydride method in combination with Tollens procedure where silver(I) diamine complex cation is 
used as silver source instead simple silver cation. Additionally, polymeric stabilizer (polyacrylic acid) was used 
as adjuvant in reaction mixture to avoid a problem produced Ag NPs aggregation in mixed environment water-
ethanol (1:1). Thanks to low freezing point of this solvents mixture the preparation procedure could be 
proceeded at temperatures down to freezing point of pure water. In our experiments we have tested three 
reaction temperatures: -5, -15 and -25 °C. Lowering of the reaction temperature was accompanied with 
decreasing of the reaction rate of the studied redox reaction. The first change of colour of the reaction mixture 
(it is colorless) was observed immediately after mixing of reaction component at temperature -5 °C. At -15 °C 
the first colour change was observed approximately after 30 s from the point of mixing of reaction components 
and at -25 °C this time was prolonged to about 60 sec. This change in reaction rate is probably a reason for 
change of diameter of the emerged Ag NPs as was observed primarily from DLS measurements (see Table 1) 
and consequently also from TEM pictures (Figure 1). The real size distribution of diameter of the prepared Ag 
NPs was evaluated from these TEM micrographs and their graphical representations are presented on 
Figure 2. Average values of diameters of the prepared Ag NPs at different reaction temperatures evaluated 
from the size distribution are presented with values of polydispersity in Table 1. The extraordinary difference 
between average values of Ag NPs diameters determined form DLS and from TEM are clearly visible in 
Table 1. The abnormally big diameters determined from DLS are very probably connected with presence 
of polymeric stabilizer which can interconnect prepared Ag NPs to weakly bonded bigger objects which can 
be stable only in liquid environment and not on dry microscopic grid. The existence of this bigger object is 
clearly visible also from the UV-vis spectra at which two absorption maxima are observed. The first located 
below 400 nm is connected with localized surface plasmon of individual particles while emergence of second 
absorption maxima at about 450 nm is caused by existence of weakly interconnected nanoparticles. Therefore, 
the real diameters can be evaluated only from TEM micrographs. And from them a clear dependence on the 
reaction temperature is visible. Lowering of reaction temperature results in growing of average diameters 
of the prepared Ag NPs. The reason of this dependency is clearly connected with the change of the reaction 
rate in initiation part of reaction curve. The reduction procedure for preparation of metal nanoparticles is typical 
example of the autocatalytic reaction. The reaction curve for this type of reaction has a typical S shape. At the 
start of reaction nuclei of new metal phase are formed by slow homogeneous mechanism. However, when first 
stable nuclei are formed the second reaction phase of quick catalytic growth of the particles is rapidly getting 
on. Homogeneous mechanism formation of stable nuclei is strongly temperature dependent due to high 
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activation energy. Therefore, with lowering temperature less nuclei are formed at the initiation period and final 
diameter of Ag NPs is bigger due to large amount of silver ions which are left for reduction on individual nuclei 
during quick catalytic step. It is also important to note improvement of polydispersity of the prepared disperse 
systems of Ag NPS with lowering of reaction temperature which is also very probably caused by the slowdown 
of the reaction rate in the initiation step of the whole autocatalytic reaction. Due to high reaction rate in catalytic 
step of the reaction mechanism silver cations are quickly exhausted and first initiation step is suppressed by 
this way. When new nuclei are not formed during reaction steps after initiation period polydispersity of the 
emerging system is improved. 

    

Figure 1 TEM micrographs of Ag NPs prepared by reduction Ag[NH3]2+ by borohydride in the presence 
of PAA as stabilizer at different temperatures below freezing point of water 

   

Figure 2 Distribution diagrams determined from TEM for Ag NPs prepared by reduction Ag[NH3]2+ 
by borohydride in the presence of PAA as stabilizer at different temperatures below freezing point of water 

Very small silver nanoparticles prepared via the newly proposed method can have promising properties, 
especially thanks to its perspective catalytic activity. As it can be concluded from numerous published catalytic 
studies, aimed on the evaluation of catalytic activity of the metal nanoparticles, the smaller the nanoparticles 
are, the high catalytic activity can be expected. The simple catalytic experiments using model reaction 
of reduction methylene blue (MB) with borohydride were conducted to confirm this conclusion also in the case 
of so small nanoparticles as were prepared in this study. In course of the reaction, the spectrum of MB was 
taken at certain time intervals and after the reaction end the values of the absorbance at maximum for MB 
were evaluated and these obtained kinetic data (Figure 3) were processed using approximation of kinetics 
of the first order (big excess of borohydride in comparison with MB). The reference measurement of the used 
model reaction was made without Ag NPs as the catalyst - in this case the apparent rate constant was 0.0035 
s-1, which is significantly lower (minimally one order) in comparison with the lowest apparent rate constant for 
the slowest reaction catalyzed with the prepared Ag NPs (see values of kaoo in Table 1). The obtained kinetic 
data confirm growing catalytic activity of the metal nanoparticles with decreasing of their diameter. In our case, 
this conclusion is valid for the Ag NPs with diameter 3.4 nm, which one approximatively contents 103 Ag atoms. 
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Therefore, for Ag NPs, containing minimally 103 silver atoms, the main rule about the dependence of catalytic 
activity of Ag NPs on their diameter is fulfilled. 

Table 1 The values of average diameters and maxima of absorbance from UV-vis spectra for Ag NPs prepared 
by reduction Ag[NH3]2+ by borohydride in the presence of PAA as stabilizer at different temperatures 
below freezing point of water 

T 
[°C] 

TEM DLS UV-vis 
kapp 

[s-1] 
diameter 

[nm] 
polydispersity 

diameter 

[nm] 
polydispersity 

1st peak 
[nm] 

2nd peak 
[nm] 

-  5 3.4±1.7 0.250 115 0.189 342.5 451.5 0.1236 

-15 4.4±1.8 0.167   59 0.083 344.0 445.0 0.0541 

-25 7.2±2.9 0.162   50 0.022 344.5 446.0 0.0415 

 

Figure 3 Kinetic curves for the reduction of methylene blue with borohydride catalyzed with the Ag NPs 
prepared at different reaction temperatures via the reduction of Ag[NH3]2+ with borohydride in the presence 

of PAA as stabilizer 

4. CONCLUSION 

The reported study confirmed a possibility to tailor of the diameter and polydispersity of the silver nanoparticles 
prepared via a reduction method due to the change of reaction temperature, i.e. decrease of the reaction 
temperature below the freezing point of water. The average diameter of the prepared Ag NPs increased with 
the decrease of the reaction temperature and simultaneously polydispersity is improved due to the slowed 
down reaction rate in initiation step of nuclei formation. The smallest prepared nanoparticles with average 
diameter 3.4 nm are the best redox catalyst as proved with the used model reaction of reduction methylene 
blue by borohydride, which is in accordance with other studies aimed at evaluation of influence of the 
nanocatalyst size on its catalytic activity. 
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Lucie HOCHVALDOVÁ, Libor KVÍTEK, Aleš PANÁČEK, Robert PRUCEK, Radek ZBOŘIL 

RCPTM, Palacky University in Olomouc, Olomouc, Czech Republic, EU, lucie.hochvaldova01@upol.cz 

Abstract 

Application potential of colloidal particles and nanoparticles is related to their size, shape and other physical 
and chemical properties. Those properties can be influenced by various ways of synthesis, while the presence 
of reducing agent and modifiers (polymers, surfactants) are the most vital ones. One of the strongest reducing 
agents is tin with the redox couple SnII/SnIV and standard potential -0.384 V. This redox system allows to 
change redox potential just by addition of hydrogen peroxide to the tin(II) solution, which causes its partial 
oxidation to tin (IV) and changes the ratio between its oxidized and reduced form. Those changes effect redox 
potential (which is measured by potentiometer) and influent the tailored silver nanoparticles preparation. 
Antibacterial activity of prepared nanoparticles, with an average size between 3 to 50 nm, were tested against 
pathogenic and resistant bacteria, while the smallest nanoparticles have showed high antibacterial activity with 
minimal inhibition concentration (MIC) in units of mg/L. 

Keywords: Silver nanoparticles, synthesis, redox potential, stabilization, antibacterial activity 

1. INTRODUCTION 

The beginning of the 21st century is the era of nanotechnologies. [1] It is already known that many properties 
are changing significantly with the size decrease to nanometre scale, different shape and polydispersity of the 
nanoparticles. Not every size of the nanoparticles is optimal for a specific use. For instance, antibacterial [2] 
and catalytic activity [3] is increasing with decreasing size of the particles. [4] On the other hand, small 
nanoparticles are not as effective at analytical applications in biosensors, which are using interesting optical 
properties of nanoparticles. [5] Another reason why we need different sizes of nanoparticles is Raman 
spectroscopy, where each laser wavelength requires a different size for ideal enhancement of analyte´s 
Raman signal. [6] 

Thanks to different size requirements of the silver nanoparticles, a big part of research is focused on tailored 
methods for silver particle preparation. The most commonly used methods for metal nanoparticles synthesis 
are those based on reduction of soluble salts. [7] Generation of nanoparticles is associated with creation 
of new phase in originally homogenous system, which is related to saturation. Saturation depends 
on the speed of the reaction which is directly connected to the value of redox potentials. [8] Therefore, 
the change of redox potentials can be used to influence reaction and creation of silver nanoparticles. 
Unfortunately, with common reducing agents - NaBH4 [9], citrate [10], hydrazine [11], hydroxylamine [12] 
or sugars [13] redox potential cannot be simply changed. On the other hand, with redox system based on 
redox pair Sn2+/Sn4+ redox potential can be simply changed by the change of ratio of both redox form of tin. 

In this paper the influence of redox potential on the size of silver nanoparticles has been studied. Defining the 
change of redox potential of commonly used reducing agents is difficult, which is why reduction system based 
on tin(II) chloride has been used. By change of the ratio tin(II)/tin(IV) ions in the system, redox potential has 
been changed, which influenced the reduction of silver ions.  First, the synthesis of small nanoparticles 
prepared by reduction of silver ions by tin(II) chloride has been optimized. The antibacterial activity of the 
system has been tested and eventually removal of the access of tin compounds from the system has been 
studied. 
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2. EXPERIMENTAL SECTION 

Silver nitrate AgNO3 (Fagron), polyacrylic acid (PAA) Mr 8000 (45 % w/v, Aldrich), ammonia NH3 (28-30 %, 
Sigma Aldrich), tin(II) chloride SnCl2 (Sigma Aldrich), hydrogen peroxide H2O2 (30 %, Penta) and sodium 
hydroxide NaOH (Lach: Ner) were used without any additional purification. Deionized water (18 MΩ·cm, 
Millipore) was used to prepare all solutions. 

Zetasizer Nano ZS (Malvern, UK) and transmission electron microscope (TEM) JEM 2010 (JEOL, Japan, 
160 kV) have been used to determine size and polydispersity of prepared nanoparticles. All UV/VIS spectra 
have been measured on spectrophotometer Specord S 600 (Analytik Jena AG, Germany). Concentration 
of silver and tin in the dispersion has been measured by atomic absorption spectroscopy (contrAA300, Analytik 
Jena, Germany), which allowed us to recalculate obtained absorption of the sample on its concentration. 
Calibration solution with concentrations of 10, 20, 30 and 40 mg/l of tin have been used for tin and 
concentrations of 0.25; 0.5; 1; 1.5 a 2 mg/l of silver have been used for silver. Nanoparticles have been 
prepared with continuous steering on electromagnetic stirrer and redox potential with pH of the solution has 
been measured by pH 2700 instrument (Geotech Instruments, USA). Centrifugation has been done 
on centrifuge (Eppendorf Centrifuge 5702) and for redispergation of silver nanoparticles has been used 
ultrasound generator CL-334 20100097 (Q Sonica sonificators). 

3. RESULTS AND DISCUSSION 

3.1. Preparation of silver nanoparticles 

Colloidal dispersion of silver nanoparticles was prepared by modified Tollens method using tin(II) chloride as a 
reducing agent. Stock solutions were in a particular order and amount (shown in Table 1) added into baker, 
which was cooled with ice and placed on electromagnetic stirrer. Total amount of the reaction mixture always 
ended up to 25 ml, while distilled water was used to fill up the missing volume.  

Table 1 The amount of the stock solutions (ml) used for preparation of 1-5 samples of silver nanoparticles 

Stock solution  
Concentration 

(mol/l) 
1 2 3 4 5 

AgNO3 0.005 5 5 5 5 5 

PAA 8000 0.008 5 5 5 5 5 

NH3 0.05 5 5 5 5 5 

SnCl2 0.25 1 1 1 1 1 

H2O2 0.05 0 1 1.5 2 3 

Diamine-silver complex [Ag(NH3)2] +, prepared by reaction of silver nitrate with ammonia, was reduced by tin(II) 
chloride (which was pre-modified by addition of hydrogen peroxide (Table 1). Peroxide was added to the tin(II) 
chloride solution to partially oxidize tin(II) ions to tin(IV), which affected the ratio of oxidised and reduced form 
and influenced redox potential of the system and consequently the reduction of silver ions by itself. 

After addition of tin(II) chloride to the reaction mixture, the colour of dispersion has changed which indicated 
reduction of silver ions to silver nanoparticles. System prepared in this way was not stable by itself, particles 
started to aggregate and sediment in a while. To ensure the stability of the whole system polyacrylic acid (PAA 
Mr 8000) has been added to the solution. 

3.2. Redox potential of the system 

Redox potentials of each dispersion were measured by potentiometer. The values of the potential have 
changed with the change of the ratio tin(II) and tin(IV), which has been caused by addition of hydrogen 
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peroxide to the tin(II) solution. (Table 1) More hydrogen peroxide was added the higher amount of tin(II) was 
oxidised to tin(IV), which has led to the increase in redox potential (Table 2) and decrease of its reduction 
strength.  

The size of the prepared silver nanoparticles was determined from TEM images (Figure 1). Three 
of the images for each sample were evaluated via program Gwyddion which in invert value mode allows to 
measure the size of the nanoparticles automatically. If the contrast of the nanoparticles was not good enough 
to ensure correct recording of the size, nanoparticles were measured manually, while all the nanoparticles 
presented on the image were measured. Minimally 200 particles were accounted in determination of the 
distribution diagram of the prepared nanoparticles. 

 

Figure 1 TEM images of silver nanoparticles prepared in systems with different redox potential 
(distribution diagrams of the prepared nanoparticles are presented in insets) 

Mean diameter (ØÙ) of the particles, corrected sample standard deviations (σ), and polydispersity (PDI) were 
calculated from size distributions presented on Figure 1 and all the values are shown in Table 2. 

Table 2 Average size of the nanoparticles and their polydispersity for systems prepared at different redox  
   potentials 

Sample Redox potential (mV) Size (nm) Standard deviation (nm)  PDI 

1 143 3.8 1.4 0.13 

2 154 3.3 1.2 0.14 

3 156 2.9 1.0 0.12 

4 159 3.7/13.6 (bimodal) 1.2/10.9 0.10/0.65 

5 171 4.9/23.5 (bimodal) 1.4/23.9 0.09/1.03 
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As you can see in Table 2, small addition of hydrogen peroxide to the reducing agent does not oxidise huge 
amount of tin(II), so in this case tin keeps its strong reducing properties and forms small nanoparticles with 
sizes in the range from 2 to 6 nm. As higher amounts of hydrogen peroxide are added, higher amount of tin(II) 
is oxidised to tin(IV) and tin is losing its reducing properties and bigger particles are formed. After addition 2 or 
3 ml of hydrogen peroxide system becomes polydisperse (bimodal) and next to the small particles (smaller 
than 10 nm), big nanoparticles in 10ths of nm are formed. This change of the size caused by different addition 
of hydrogen peroxide proves the dependency of particle size on redox potential of the system, which is 
controlled by different addition of hydrogen peroxide. (Table 2) 

3.3. Tin removal 

The last part of this research was focused on tin removal from the system. Previously described silver 
nanoparticles dispersion has contained gel-like precipitate of oxide-hydroxide tin compounds. More tin (IV) 
was present in the system, the higher amount of precipitate has been formed. At the same time 
the concentration of the reducing agent (tin(II) chloride) was 10 times higher than concentration of silver 
therefore many methods have been tested to ensure proper tin removal. The best way how to remove tin from 
the system has been alkalization of the system which causes aggregation of silver nanoparticles and at the 
same time soluble tin salts are formed. (Reaction scheme 1-3) 

SnCl2(aq) + 2 NaOH (aq) → SnO·H2O (s) + 2 NaCl (aq) (1) 

SnO·H2O (s) + NaOH (aq) → NaSn(OH)3 (aq) (2) 

SnCl4(aq) + 4NaOH (aq) → Sn(OH)4 (aq) + 4NaCl (aq) (3) 

The system has been alkalized by addition of NaOH until its final concentration reached concentration  
0.24 mol/l. This concentration has been established within partial study focused on influence NaOH 
concentration on tin compounds separation from silver nanoparticles. After the precipitation, the solid part has 
been separated from the liquid via centrifuge (5 min, 4,400 revolutions per minute). Afterwards the liquid part 
has been removed and the solid one has been diluted in the same volume of distilled water with PAA and 
sonicated for 1 minute with Q Sonica sonicators (E=2.062J). Nanoparticles purified this way stays thanks 
to PAA stable and their size stays unchanged. Concentration of tin in the system after alkalization has been 
determined by atomic absorption spectroscopy. The result has shown that only one alkalization is not sufficient 
enough to remove all tin compounds from the system and it needs to be repeated. After the second alkalization 
the concentration of the tin has been lower than detection limit of the device. Furthermore, with each 
alkalization there has been higher losses of silver and system becomes less stable. In table below are shown 
percentage decreases (%) of tin and silver (Table 3). From these data is apparent that 2 alkalizations have 
not caused big decrease in silver concentration and more than 97 % of original amount of tin has been 
removed. 

Table 3 Percentage representation of tin and silver content in silver nanoparticles dispersion after individual  
   steps of alkalization 

Sample 

Tin Silver 

1 x alkalization 2x alkalization 1 x alkalization 2x alkalization 

Sn (%) σ (%) Sn (%) Ag (%) σ (%) Ag (%) σ (%) 

1 20.9 9.2 

≤ 2.8 

97.7 1.2 92.5 3.7 

2 18.1 6.7 98.1 1.9 91.7 1.0 

3 15.4 2.2 97.4 2.9 95.0 0.0 

4 12.9 3.3 98.5 1.0 91.1 3.7 

5 8.0 1.5 95.7 3.6 61.9 0.8 
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3.4. Biological activity of the prepared silver nanoparticles  

Antibacterial activity has been tested by microdilution method, which establish minimum inhibitory 
concentration (MIC). MIC determines minimal concentration, which inhibits the growth of the bacteria. 
The testing has been carried out on microtiter plates, while all samples have been diluted with 100 μl MH broth 
by geometric series from 2 to 128 times. Bacterial strain shown in Table 4 have been injected (concentration 
106 ml-1 CFU (colony forming units)) and incubated for 24 hours (37 °C) and then tested for their antibacterial 
activity. 

Table 4 MIC of silver nanoparticles against gram-positive and gram-negative bacteria  

Bacteria 

MIC (mg/l) 

0 ml H2O2 

(3.8 nm) 

1 ml H2O2 

(3.3 nm) 

1,5 ml H2O2 

(2.9 nm) 

2 ml H2O2 

(3.7/13.6 nm) 

3 ml H2O2 

(4.9/23.5 nm) 

Enterococcus faecalis CCM 4224 6.75 3.38 3.38 6.75 13.5 

Staphylococcus aureus CCM 3953 1.69 1.69 1.69 3.38 6.75 

Escherichia coli CCM 3954 1.69 1.69 0.84 3.38 3.38 

Pseudomonas aeruginosa CCM 3955 3.38 3.38 3.38 6.75 13.5 

Table 4 provides evidence that silver nanoparticles synthesized with smaller addition of hydrogen peroxide  
(0-1.5 ml) have higher antibacterial activity than those synthesized with two or more millilitres. 
This phenomenon is related to the size of the nanoparticles, while for small addition of hydrogen peroxide only 
small particles were present, which have caused an increase of their antibacterial activity. On the other hand, 
for higher addition of hydrogen peroxide, bigger particles in tenths of nanometres have been formed as well, 
which eventually caused slight decrease in antibacterial activity of the system. Values for gram-positive 
(Enterococcus faecalis, Staphylococcus aureus) and gram-negative (Escherichia coli, Pseudomonas 
aeruginosa) bacteria are similar, which means silver nanoparticles have on them the same effect. 

4. CONCLUSION 

The synthesis of silver nanoparticles prepared by modified Tollens method using reduction of diamine-silver 
complex by tin compounds was studied in this paper. Reduction systems containing tin(II) chloride 
as a reducing agent allows easy modification of redox potential. Hydrogen peroxide was used to oxidise tin(II) 
to tin(IV), which changed the ratio of oxidised and reduced form. Additionally, it caused the change of redox 
potential, which allowed us to study its influence on the size of prepared silver nanoparticles. With a small 
additions of hydrogen peroxide were prepared small particles with size ranging from 2 to 6 nm. Whereas with 
addition of two or more millilitres were prepared bigger particles with bimodal distribution. In this case system 
has contained small particles which were smaller than 6 nm and also bigger particles with a size ranging in tens 
of nanometres. Antibacterial activity of prepared nanoparticles has been tested against pathogenic and 
resistant bacteria, while the smallest nanoparticles (prepared by addition of 0-1.5 ml H2O2) have shown high 
antibacterial activity against gram-positive and gram-negative bacteria with minimal inhibitory concentration 
(MIC) in units of mg/L. 

The second aim of this work was to find a method for tin compounds removal (reducing agent) from the system. 
Many methods were tested, but the most efficient one was alkalization of the system by concentrated sodium 
hydroxide, which has led to the precipitation of silver nanoparticle´s and dissolution of tin compounds. The 
liquid phase was easily separated after centrifugation, and after twice repeated alkalization more than 97 % 
of tin was removed from silver nanoparticle dispersions. 
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Abstract  

Among the other elements the dispersed silver holds a special place because of its protective biocidal effect 
and specific physicochemical characteristics depending on the particle size and shape. Absorption spectra 
of silver hydrosols were monitored in processes of Ag nanoparticles (Ag-NPs) formation due to reducing 
reaction of Ag+ ions by tannin with AgNO3 or Ag2SO4 as precursors. The dependence of the optical absorption 
on the wavelength in the long-wavelength range of plasmon spectra has been analyzed in framework of Mie 
theory by an original method. Several parameters may be estimated, such as the volume fraction of NPs (NV), 
the effective concentration of conduction electrons (Ne), and the damping factor of the metal electron plasma 
vibrations (γ). The changes in γ are the most interesting because γ includes surfaces` defects of metallic 
nanoparticles. It was found that in case of AgNO3 precursor the increase of NV leads to γ decrease with 
oscillations for both parameters when the reaction Ag+n→Ag0n proceeds. Low temperature treatment of the 
stable silver particles (10 nm in diameter) undergo aggregation (rearrangement) because silver NPs surface 
becomes defective. At 77 K changes in NV and γ may be explained by tunnel mechanism of surface defects 
formation. These defects include mobile small surface clusters H+(H2O)n and OH−(H2O)n. We compare the 
influences of precursor and Ag-NPs concentration on NV and γ parameters before and after freezing.  

Keywords: Silver nanoparticles, freezing of Ag hydrosols, plasmon spectra, surface defects 

1. INTRODUCTION 

Metal nanoparticles (NPs) of 1-20 nm range attracted significant attention of researchers because of the wide 
range of applications and extraordinary optical and electronic properties [1-3]. Localized plasmons are the 
collective oscillations of free electrons in metal nanoparticles. The optical properties of silver clusters and NPs 
largely depend on their sizes [4,5]. In [6,7], it has been found that the peak width ∆ of the surface plasmon 
spectrum linearly depends on 1/r (r is the radius of a Ag-NPs) and that the peak shifts to the lower frequencies 
with a decrease in the particle size. The dependence of the optical density on the wavelength in the long-
wavelength range (see Figure 1a) has been analyzed in terms of the Mie theory in [8,9] and its representation 
corresponded by equation (1). 



2,3¼	Ú = �2

�1
+ 1

�1
ÛÜÌÝ�2

Ü − ÜÞ
2

 F1J,     �1 = 9Ö/Êß Ì03
A   F2J, �2 = �4ÜÌÝ�4 /�2

4Öß2Ì�2A2    F3J.     
The parameters θ1 (cm) and θ2 (cm2) defined by formulas (2) and (3) are used to estimate the volume fraction 
NV of metal particles, the effective concentration Ne of conduction electrons, and the damping factor γ of the 
metal electron plasma vibrations. The latter factor is related to the particle conductivity (formulas 4). 

A = �?/MÌMà  F4J,    Üá+â? = F2ÖßJ?ÌMFÔB + 2ÌB?J
4Ö/M�?  F5J, à = àMM + àMã + àM� = àBä + ��AåȨ̂  F6J,   àBæ = àMM + àMã         

The wavelength at the absorption peak λmax is related to Ne by (formula 5), where ε0 is the λ-independent 
dielectric constant of silver; e and me are the charge and effective mass of electron, respectively; c is the 
velocity of light; m0 is the refractive index of the medium. The coefficient γ determines the half-width of the 
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absorption band and includes the coefficients of conduction electrons scattering by electrons (γee), by phonons 
(γef), and by crystal lattice defects (γed) (formula 6), where   à0æ  denotes the constant at given temperature, nd 

the defect concentration in the near-surface layer of a metallic particle, σS the effective section of electron 
scatter by defects, and VF  the electron speed at the Fermi level. 

2. FIGURES, SCHEMA, TABLES 

Silver hydrosols (0.001 and 0.002 wt.%) were prepared by reduction of AgNO3 (sol1, sol2) or Ag2SO4 (sol3) 
(reagent grade) with tannin (C76H52O46, high-purity grade, Germany) as reducing agent and stabilizer in the 
presence of a sodium tetra borate buffer (reagent grade, pH 9.0). Sols which were synthesized this way 
showed high stability and reprodusibility of absorption spectra during two years. The absorption spectra were 
recorded at room temperature from 300 to 750 nm on an SK-101 spectroscopic complex (Russia) at 25°С 
before and after cryotreatments, with an accuracy of optical density determination Abs ± 0.002. Freezing was 
performed by holding a sol (4 ml) in a low-temperature bath for 15-120 s. The baths were cooled with mixtures 
of liquid nitrogen with pentane (142 K), toluene (178 K), octane (217 K), and butanol (230 K). Dewar flask and 
special thin-walled test tubes with a ~1.5 mm interval gap were used. This excluded gradients across the layer 
of the colloidal solution to be cooled. After freezing a sample was rapidly (1 min) heated up to room temperature 
and its absorption spectrum was recorded. The optical path was 1 cm, water was in reference channel. It was 
preliminarily checked that freezing treatment has no effect on the state of tannin/buffer solution.   

Figure 1b demonstrates the spectral controlling synthesis of Ag hydrosol (AgNO3). This routine procedure is 
applied by many researchers. The rate of Ag-NPs formation in different conditions can be defined. The 
particularity of our approach consists in the analysis of Ag-NPs absorption curve that permits to clarify the 
changes in the states of forming Ag-NPs.       

 

Figure 1 Absorption curve analysis (a) and AgNPs absorption spectra in Ag sol1 synthesis (b) 

It is seen from Figure 2 that the volume fraction of the dispersed phase NV and γ coefficient of plasma-
resonance vibrations vary during the synthesis of hydrosols. The time dependencies of NV and γ are 
antisymbatic: the growth of NV is accompanied by a decrease in γ, that is, a decrease in the defectiveness 
of the surface of the emerging particles (healing of biographical defects). On the kinetic curves we can see a 
nonstationary period with oscillations for both parameters NV and γ. Nonstationary phenomena plays an 
important role in chemistry and self sustained oscillations are known for different heterogeneous catalytic 
reactions [10,11]. The appearance of nonstationarity mode in Ag NPs formation processes is a very interesting 
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result. To explain the parameters of NV and γ oscillations we considered the auto catalytic way of ions-metal 
NPs complex formation in the schema of reduction reaction Ag+ → Ag-NPs. 

1.  Agé� ⇄ Ag»�     (Adsorption of Ag+-ions) 

2. redé ⇄ red − s (Adsorption of reducing agent) 

3. Ag»� + FAg°BJ∗ ⇄ Ag»� − Ag°B  (Formation of the complex Ag+-NPs) 

4.  Ag»� − Ag°B + red − s ⇄ AgB − Ag°B − ox ⟶ Ag°�0B + ox (Reduction step: the interaction of the adsorbed 
reducer and a complex to form a product Ag0n+1) 

5.  Ag»� − Ag°B + Ag»� ⇄ Ag»� − Ag°B − Ag»� (Inhibiting of complex Ag-ion on the second adsorption stage). 

 
Figure 2 Nonlinear time dependences of Ag-NPs parameters in silver hydrosol (AgNO3) synthesis processes 

with NV and γ self oscillations (a) and its linear plots in first kinetic order coordinates (b) 

The kinetic of formation of Ag-NPs corresponds to first order. The rate constant values KNV and Kγ were 
calculated from semilogarithmic plots (Figure 2b). Only for NV-time dependence two periods of AgNPs 
formation were observed with diminishing in 2 times of KNV as it can be seen from data in the Table 1. 

Table 1 Constant rates (min.−1) of optical parameters changes for Ag hydrosols formation  

Ag sol (AgNO3) 0.001 % wt. Ag sol (Ag2SO4) 0.002 % wt. 

kγ kNV (1) kNV (2) kγ  kNV  

0.02 0.06 0.03 0.01 0.06 

Figure 3a illustrates the spectra monitoring in situ for synthesis of Ag-hydrosol with Ag2SO4 precursor (sol3). 
The unusual shape of the spectrum line and red shift of Absmax are associated with the formation of unstable 
aggregated Ag-NPs and clusters Ag+n (sharp peaks below 380 nm). After mixing and dispersion stabilization 
we see the shift of peak maximum in a short wave area and typical plasmon spectra of isolated stable AgNPs 
of 8-10 nm in diameter that appearance due to disintegration of unstable agglomerates and incorporation 
of unstable Ag+n in NPs. As in the case of Ag-sol (AgNO3) at the initial stage (up to 20 minutes) the parameters 
NV and γ change also antisymbiatically and in the final stage we see its synchronous decrease due to 
disaggregation of initially formed associated AgNPs with weak oscillations (Figure 3b).  

The effect of freezing treatment was studied for two Ag-hydrosol obtained from AgNO3. Sol1 was a freshly 
prepared sample and the sol2 was the sol1 stored for a year. It was found preliminarily that low temperature 
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treatment (LTT) did not influence the state of tannin/buffer system: UV spectra were reproducible after LTT. 
The spectra of sols had one absorption maximum at about 416 nm. According to literature data and our TEM 
images, the Ag particles diameters with plasmon spectra maximum 410-430 nm is about 8-10 nm. 

 

Figure 3 Absorption spectra of Ag-sol3 formation (a) and time dependences of Ag-NPs parameters volume 
fraction of metallic particles NV and damping factor of electron plasma vibrations γ (b) 

For example, spectra obtained before and after silver hydrosol treatment at 77K for 20 s are shown in Figure 4. 
We found that the absorption maximum did not shift as the temperature decreased, while the optical density 
at the maximum Absm lowered (Table 2). However, Absm values for T=77 K fell out of this dependence. 
Absorption peak at 500-550 nm appeared at T < 182 K and related to the formation of a new fraction of larger 
Ag particles and/or nonspherical anisotropic NPs and their aggregation [12]. Holding sols subjected to low-
temperature treatment at room temperature for 48 h additionally decreased Absm and increased absorption in 
the long-wave region, that is, changes in degree of dispersion also occurred after LTT. 

Table 2 Influence of cryotreatment temperature (duration 20 s) on γ (s-1) and NV of Ag hydrosols 

               

№ 

 

Т, К 

Sample 1  Sample 2 

Absm ∆Abs*, % γ⋅10-15,  NV⋅106 Absm ∆Abs*, % γ⋅10-15,  NV⋅106 

1 298 0.94 100 0.72 1.09 1.01 100 0.50 0.79 

2 230 0.91 85 0.70 1.02 0.95 94 0.54 0.82 

3 207 0.77 82 0.74 0.92 0.74 73 0.63 0.80 

4 182 0.66 70 0.81 0.87 0.72 71 0.64 0.74 

5 142 0.50 53 0.93 0.75 0.52 51 0.72 0.70 

6 77 0.86 92 0.71 0.99 0.63 62 0.64 0.68 

The hexagonal ice structure with a disordered arrangement of protons transforms into a denser structure with 
an ordered arrangement of H+ as the temperature decreases to 77 K [13]. Explanation of this effect is 
discussed in detail in [14] for gold hydrosols by means of tunnel mechanism for “cryodefects” formation from 
positively charged surface complexes Х+(Н2О)n-Au (or Ag), e.g.,  Н+(Н2О)n and Au+δ (Н2О)n (n = 1-100).  

To exclude the concentration influence, we have studied the effect of freezing at 77 K of Ag-sol3 in terms 
of different Ag-NPs concentration in the dispersions. (Table 3, Figure 4b).  
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Figure 4 a) Influence of freezing temperature on the relative parameters γ*, and NV* calculated from the 
spectra of freshly (dashed line) and stored for a year Ag (AgNO3) hydrosols; b) Absorption spectra of Ag 

(Ag2SO4) hydrosol before (dashed line) and after freezing at 77 K. Freezing duration is 20 s. 

Table 3 Effect of Ag sol concentration in Absmax and γ×10−15 (s-1) after freezing Ag-sol3 (77 K, 20 s)  

С, wt. % 0.001 0.0012 0.0014 0.0016 0.0018 0.002 

Absm before freezing 

Absm after freezing 

0.675 

0.543 

0.776 

0.591 

0.910 

0.674 

0.995 

0.757 

1.062 

0.794 

1.237 

0.934 

∆Absm, % −19 −24 −26 −24 −25 −24 

γ  before freezing  

γ  after freezing 

1.02 

1.3 

1.03 

1.31 

1.02 

1.28 

0.993 

1.23 

1.04 

1.3 

1.01 

1.3 

γ ∆ , % +27 +27 +26 +24 +25 +28 

On the Figure 4b it is shown that the absorption in maximum Absm after freezing decreases. However, the 
relative change of ∆Absm in this environment remains constant (∼25 %). It was found that the freezing of dilute 
Ag-sols3 does not lead to aggregation of the particles, but the rise of the surface defects is sufficient (∼27 %). 

Thus freezing effect in relative changes of parameters does not depend on the concentration of the 
silver hydrosol.  

3. CONCLUSIONS 

Our investigation of the kinetics of Ag-hydrosols formation and the effect of sols freezing revealed a changes 
of optical parameters: a decrease in the effective concentration of unbound electrons and an increase in the 
imperfections of particles. These leads to formation of small ensembles (floccules) or aggregates depending 
on LTT duration. Flocculated or aggregated Ag-NPs are formed, respectively, upon short or long expositions. 
The low activation energy of the cryoaggregation of NPs is dictated by the tunnel mechanism of the formation 
of “cryodefects” from positively charged surface complexes Х+(Н2О)n-Ag, e.g., Н+(Н2О)n and Ag+δ (Н2О)n (n = 
1-100). It is determined that defects on Ag-NPs surface increases with decreasing of temperature of freezing 
due to its cryoaggregation. Relative effect of LTT does not depend on the Ag hydrosol concentration. 
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Abstract 

Polymer-based colloid lithography represents the very effective approach for creation of a large-scale template 
for subsequent surface modification. Utilization of this approach, however, is significantly restricted by the 
ability of used micro/nanospheres to create only limited number of symmetrical structures. In this work, we 
propose the treatment of polystyrene (PS) microspheres in the solvent vapor, before subsequent surface 
grafting with diazonium salts as an alternative method for the creation of structures with required geometry 
and symmetry. Application of vapor treatment allows the effective modification of PS microspheres screened 
area and. As a result, the subsequent grafting procedure leads to the creation of ordered micropores array 
with tunable size and height. Combination of different solvents with slight heating was studied and found to be 
suitable for further creation of different surface grafting pattern. The success of surface grafting through the 
treated PS microsphere mask was verified using Raman spectroscopy and AFM microscopy techniques.  

Keywords: Colloid lithography; polystyrene microspheres; vapor annealing; periodical structures 

1. INTRODUCTION 

The physicochemical methods of surface modification changing surface morphology or chemistry provide a 
unique way of creation of new materials with functional surfaces [1-4]. As examples, the introduction 
of superhydrophilicity/phobicity, water or oil adhesion and repellence, specific chemical recognition events, 
externally triggered or self-related smart surface response, as well as many other useful surface singularities 
can be mentioned [5-10]. Among the common techniques for the introduction of specific surface properties 
different masks-based approaches, where the material is area-selective chemically modified are 
of considerable importance [11-13]. In this field even, the colloid lithography can be considered as one of the 
more common approach due to its simplicity and reliability [13-16]. In particular, deposited by spin- or deep-
coating polymer latex microspheres tends to spontaneously form the ordered array on the samples surface, 
effectively creating the mask for further surface pattering [17,18] Thus, this simple lithographic approach has 
been commonly applied for the preparation of ordered microporous structures via the surface modification 
through the polymer microspheres mask and subsequent surface modification or electrodeposition of metals 
[19-23]. 

In this paper, we propose an alternative approach, enhancing the range of surface patterns accessible by the 
common polystyrene (PS) colloid lithography. Vapor annealing of closed packed polymer microspheres array 
deposited on the gold substrate is used. Deformation and conglutination of microspheres depending on the 
applied solvent and partial pressure is expected, leading to the effective modification of uncovered by PS 
microspheres gold surface, available for further grafting by a diazonium salt. 

2. EXPERIMENTAL 

2.1. Materials 

Gold targets for metals deposition (purity of metals 4 N) were purchased from Safina. Deionized water, 
methanol (reagent grade, ≥ 99.8 %), acetone (97 %), 4-nitrobenzenediazonium tosylate, toluene (99 %) were 
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purchased from Sigma-Aldrich and used without further purification. Colloid suspension of polystyrene (PS) 
microspheres (PS microspheres size - 500 nm) was supplied by Alfa Aesar.  

2.2. Samples preparation 

Thin gold films (thickness 20 nm) were deposited onto glass surface (Thermo Scientific), covered by adhesive 
titanium layer (thickness ca 10 nm), using thermal evaporation method. PS suspension was drop deposited 
and slowly evaporated on Au surface, under the careful control of temperature (40oC). After deposition of PS 
colloid mask, samples were annealed in (i) toluene (≈0.01 and ≈0.03 bar partial pressure) or (ii) ethanol vapors 
(≈0.02 and ≈0.05 bar partial pressure) during 10 min. The 4-nitrobenzenediazonium tosylate (ADT-NO2) salt 
was grafted electrochemically (4 mM freshly prepared water solutions, -1.0 V, 7 min) through the annealed PS 
microspheres mask. After grafting, the PS mask was removed by rinsing in the toluene under sonication for 
10 min. Then the metal substrates were sequentially rinsed under sonication with deionized water, ethanol, 
and acetone for 10 min and dried in a desiccator for 3 h. 

2.3. Measurement techniques 

For the characterization of the sample surface, the atomic peak force microscopy (AFM) technique was used. 
Surface mapping was performed with Icon (Bruker) set-up on the areas of 3×3 µm2 Surface conductivity 
characterization was performed in Peak Tuna AFM mode, using the Pt/Pd coated tip with constant voltage 
(3.0 V). Raman spectra were measured on ProRaman-L (Laser power 30 mW) Raman spectrometer with 
785 nm excitation wavelengths. Spectra were measured 30 times, each of them with 3 s accumulation time.  

3. RESULTS AND DISCUSSION  

The array of PS latex microspheres was deposited on the Au surface and a closely spaced periodical structure 
with hexagonal symmetry was formed, according the previous experiments. The samples were then annealed 
in the vapors of organic solvents (ethanol or toluene) with the aim to initiate PS microspheres swelling and 
partial conglutination. After the probing of several organic solvents, we chose for further experiments the 
toluene and ethanol, which conserve the PS microspheres periodicity and do not create periodical structure 
irregularities. It was previously expected that vapor-initiated conglutination of PS microspheres could lead to 
changes in the tuning of PS microspheres screened surface area. In the next step, the electrochemical surface 
grafting by ADT-NO2, through the pristine or vapor annealed PS masks, followed by sequential removing 
of microspheres was applied.  

First, the grafting of organic moities to tjhe gold surface was verified using the Raman spectroscopy. Results 
are presented in the Figure 1 and it is evident that after the grafting procedure, the Raman bands, typical for 
C6H4-NO2 becomes apparent. In particular, the Raman spectra show the presence of following characteristic 
peaks: 482 cm-1 (C-N bending); 637 cm-1 (NO2 def vib, in-plane ArC-C); 795 cm-1 (ArC-H out of plane def);  
830 cm-1 (NO2 scissors bending); 868 cm-1 (ArC-H out of plane def); 1046 cm-1, 1075 cm-1 (ArC-H in plane bends); 
1334 cm-1, 1352 cm-1 (NO2 symmetric stretch); 1520 cm-1, 1554 cm-1 (ArC-C ring deformation). Additionally, it is 
evident that Raman bands intensities are a strong function of previous vapor treatment of PS microspheres. 
The greatest intensities were observed in the case of nontreated PS microspheres mask, which indicate the 
attachment of largest amount of organic moieties. In turn, grafting through the PS mask annealed in the ethanol 
vapor leads to a peak intensity decrease, which is proportional to partial solvent pressure. Even more 
pronounced decrease of Raman bands intensity is also observed for the grafting through PS microspheres 
array annealed in toluene. It is evident that at higher toluene partial pressure the Raman bands become barely 
noticeable. So, we can conclude that the highest amount of organic moieties was grafted in the case 
of nontreated PS microsphere, while the annealing in the ethanol leads to a slight decrease in the amount 
of grafted organic moieties, and the annealing with toluene significantly screens the Au surface against 
grafting. 
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Figure 1 Raman spectroscopy measurements performed after the ADT-NO2 grafting through the pristine 

and vapor annealed PS colloid mask 

 

Figure 2 AFM characterization of grafted through the PS microspheres masks gold surface, measured after 
the removing of PS microspheres: A - ADT-NO2 grafting through the pristine PS mask, B - ADT-NO2 grafting 

through the annealed (ethanol, partial pressure ≈0.02 bar) PS mask, C - ADT-NO2 grafting through the 
annealed (ethanol, partial pressure ≈0.05 bar) PS mask, D - ADT-NO2 grafting through the annealed (toluol, 

partial pressure ≈0.01 bar) PS mask, E - ADT-NO2 grafting through the annealed (toluol, ≈0.03 bar) PS 
mask. 
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The different residual surface patterns, determined by the surface regions “available” for ADT-NO2 grafting, 
were created after the PS microspheres removal, according the AFM results (Figure 2), in dependence on the 
applied vapor annealing procedure. In particular, the strong vapor annealing conditions (i.e. utilization of high 
solvent pressure and/or solvent with high affinity to PS microspheres) lad to almost full surface blocking and 
the grafting through such “strongly-annealed” structure produced the columnar-like pattern (as is evident in 
thre Figure 2E). Oppositely, the softer annealing conditions resulted in the slight increase of the area screened 
by PS microspheres and the pores, remained on the surface have larger size compared to the case 
of nontreated PS (Figures 2B, 2C).  

Generalizing the AFM investigations, it can be concluded that the formation of bi-dimensional well-ordered 
pores with a regular round shape and size determined by the previous vapor annealing procedure was 
observed. In the case of nonannealed PS microspheres, the diameter of the pores was found to be 0.10 µm, 
and it increases with increasing ethanol vapor pressure (Figure 2D). The high surface blocking in the case 
of toluene vapors utilization leads to the grafting of organic layers in a columnar form. The thickness of the 
grafted organic layer was also estimated from z-axis scale bars on the presented AFM scans and as can be 
expected the thickness decreases with increasing impact of organic vapor.  

4. CONCLUSION 

In this work, we propose the vapor annealing of ordered PS microspheres array, followed by the diazonium 
surface modification as an alternative possibility to effective tune the PS microspheres screened surface area 
and altering of the size of created surface chemical and morphological pattern. The grafting through the 
polymer colloid mask procedure results in the creation of ordered micropores array with tunable size or, 
moreover, columnar array. Combination of ethanol and toluene solvents with slight heating (40o C) was 
founded to be the more suitable for PS microspheres blocked surface area. 

ACKNOWLEDGEMENTS 

This work was supported by the Czech Science Foundation under the projects 18-26170S and Tomsk 
Polytechnic University (VIU-RSCABS-196/2018). 

REFERENCES 

[1] BELANGER, Daniel, PINSON, Jean. Electrografting: a powerful method for surface modification. Chem. Soc. Rev. 
2011. 40, pp. 3995-4048. 

[2] PINSON, Jean, PODVORICA, Fetah. Attachment of organic layers to conductive or semiconductive surfaces by 
reduction of diazonium salts. Chem. Soc. Rev. 2005. 34, pp. 429-439. 

[3] LYUTAKOV, Oleksiy, HUTTEL, Ivan, SIEGEL, Jakub, ŠVORČÍK, Vaclav. Regular surface grating on doped 
polymer induced by laser scanning. Appl. Phys. Lett. 2009. 95, 173103. 

[4] GUSELNIKOVA, Olga, POSTNIKOV, Pavel, KALACHYOVA, Yevgeniya, KOLSKA, Zdenka, LIBANSKY, Milan, 
ZIMA, Jiri, ŠVORČÍK, Vaclav, LYUTAKOV, Oleksiy. Large-Scale, Ultrasensitive, Highly Reproducible and Reusable 
Smart SERS Platform Based on PNIPAm-Grafted Gold Grating. CHEMNANOMAT 2017. 3, 2, pp. 135-144. 

[5] UEDA, Erica, LEVKIN, Pavel A. Emerging Applications of Superhydrophilic‐Superhydrophobic Micropatterns. Adv. 
Mater. 2013. 25, pp. 1234-1247. 

[6] ZHANG, Xi, SHI, Feng, NIU, Jia, JIANG, Yugui, WANG, Zhigiang. Superhydrophobic surfaces: from structural 
control to functional application. J. Mater. Chem. 2008. 18, pp. 621-633. 

[7] ZHANG, Junji, MA, Wenjing, HE, Xiao-Peng, TIAN, He. Taking Orders from Light: Photo-Switchable 
Working/Inactive Smart Surfaces for Protein and Cell Adhesion. ACS Appl. Mater. Interfaces. 2017. 9, pp. 8498-
8507. 

[8] GUSELNIKOVA, Olga, POSTNIKOV, Pavel, SAJDL, Petr, ELASHNIKOV, Roman, ŠVORČÍK, Vaclav, LYUTAKOV, 
Oleksiy. Functional and Switchable Amphiphilic PMMA Surface Prepared by 3D Selective Modification. Adv. Mater. 
Interfaces. 2018. 5, 1701182  



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

625 

[9] ELASHNIKOV, Roman, TRELIN, Andrej, OTTA, J., FITL, P., MARES, D., JERABEK, V.,  ŠVORČÍK, Vaclav, 
LYUTAKOV, Oleksiy. Laser patterning of transparent polymers assisted by plasmon excitation. SOFT MATTER 
2018.  14, 23, pp. 4860-4865. 

[10] Slepicka, Petr, Siegel, Jakub, Lyutakov, Oleksiy, Kasalkova, Nikola, Kolska, Zdenka, Bacakova, Lucie, Svorcik, 
Vaclav. Polymer nanostructures for bioapplications induced by laser treatment. Biotechnology Adv. 2018. 36, 3, pp. 
839-855. 

[11] LEDERHOSE, Paul, ABT, Doris, WELLE, Alexander, MÜLLER, Rouven, BARNER‐KOWOLLIK, Christopher, 
BLINCO, James P. Exploiting λ‐Orthogonal Photoligation for Layered Surface Patterning. Chem. Eur. J. 2018. 24, 
pp. 576-580. 

[12] FORNER-CUENCA, A.; MANZI-OREZZOLI, V.; KRISTIANSEN, P. M.; GUBLER, L.; SCHMIDT, T. J.; BOILLAT, P. 
Mask-assisted electron radiation grafting for localized through-volume modification of porous substrates: influence 
of electron energy on spatial resolution. Radiat. Phys. Chem. 2017. 135, pp. 133-141. 

[13] WANG, Yuli, LAI, Hsuan-Hong, BACHMAN, Mark, SIMS, Christopher E.; LI, G. P.; ALLBRITTON, Nancy L. 
Covalent micropatterning of poly (dimethylsiloxane) by photografting through a mask. Anal. Chem. 2005. 77, pp. 
7539-7546. 

[14] YANG, Seung-Man, JANG, Se Gyu, CHOI, Dae-Geun, KIM, Sarah, YU, Hyung Kyun. Nanomachining by colloidal 
lithography. Small 2006. 2, pp. 458-475. 

[15] HOOGENBOOM, J. P.; VOSSEN, D. L. J.; FAIVRE-MOSKALENKO, C.; DOGTEROM, M.; BLAADEREN, A. V. 
Patterning surfaces with colloidal particles using optical tweezers. Appl. Phys. Lett. 2002. 80, 4828-4830. 

[16] LIN, Meng-Hsien; CHEN, Chi-Fan, SHIU, Hung-Wei, CHEN, Chia-Hao, GWO, Shangjr. Multilength-scale chemical 
patterning of self-assembled monolayers by spatially controlled plasma exposure: nanometer to centimeter range. 
J. Amer. Chem. Soc. 2009. 131, pp. 10984-10991. 

[17] GOSECKA, Monika, GRIFFETE, Nebewia, MANGENEY, Claire, CHEHIMI, Mohamed M, SLOMKOWSKI, 
Stanislaw, BASINSKA, Teresa. Preparation and optical properties of novel bioactive photonic crystals obtained from 
core-shell poly (styrene/α-tert-butoxy-ω-vinylbenzyl-polyglycidol) microspheres. Colloid Polym. Sci. 2011. 289, 
1511-1518. 

[18] NGUYEN, Van-Quynh, SCHAMING, Delphine, TRAN, Dai Lam, LACROIX, Jean-Christophere. Ordered 
Nanoporous Thin Films by Nanosphere Lithography and Diazonium Electroreduction: Simple Elaboration of Ultra‐
Micro‐Electrode Arrays. ChemElectroChem. 2016. 3, pp. 2264-2269. 

[19] ZHANG, Junhu, LI, Yunfeng, ZHANG, Xuemin, YANG, Bai. Colloidal self‐assembly meets nanofabrication: From 
two‐dimensional colloidal crystals to nanostructure arrays. Adv. Mater. 2010. 22, pp. 4249-4269. 

[20] BARTLETT, Philip N.; BIRKIN, Peter R.; GHANEM, Mohamed A. Electrochemical deposition of macroporous 
platinum, palladium and cobalt films using polystyrene latex sphere templates. Chem. Commun. 2000. pp. 1671-
1672. 

[21] BARTLETT, P. N.; BAUMBERG, J. J.; BIRKIN, P. R.; GHANEM, M. A.; NETTI, M. C. Highly Ordered Macroporous 
Gold and Platinum Films Formed by Electrochemical Deposition through Templates Assembled from Submicron 
Diameter Monodisperse Polystyrene Spheres. Chem. Mater. 2002. 14, pp. 2199-2208. 

[22] HU, Jin, ABDELSALAM, Mamdouh, BARTLETT, Philip, COLE, Robin, SUGAWARA, Yoshihiro, BAUMBERG, 
Jeremy, MAHAJAN, Sumeet, DENUAULT, Guy. Electrodeposition of highly ordered macroporous iridium oxide 
through self-assembled colloidal templates. J. Mater. Chem. 2009. 19, pp. 3855-3858.  

[23] CAO, Bingqiang, CAI, Weiping, SUN, Fengqiang, LI, Yue, LEI, Yong, ZHANG, Lide. Fabrication of large-scale zinc 
oxide ordered pore arrays with controllable morphology. Chem. Commun. 2004, pp. 1604-1605.  

  



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

626 

SURFACE CHARACTERIZATION OF TITANIUM AFTER ARGON SPUTTER CLEANING 

Tomas HORAZDOVSKY, Zdenek TOLDE  

Faculty of Mechanical Engineering, Czech Technical University in Prague, Czech Republic, EU 

Abstract  

Surface integrity plays a key role in the surface modifications and coating processes that provide high and 
long-term performance of the treated components. Argon ion bombardment is widely used in many surface 
modification processes and for surface pre-treatment. The effect of argon sputter cleaning on the residual 
stress, hardness and surface morphology of commercially pure titanium is investigated in this work. Titanium 
samples were mechanically polished and then etched by argon ions. The thickness of the sputtered layer was 
measured by a quartz thickness monitor. The hardness was investigated by nanoindentation, the residual 
stress was measured by X-ray diffraction, and the surface morphology was monitored by atomic force 
microscopy. Removal of the surface layer by argon ion bombardment caused a decrease in residual stress 
and a decrease in hardness. Uneven sputtering of grains resulted in increased surface roughness. The 
observed changes in surface properties increased with increasing thickness of the removed layer. 

Keywords: Ion etching, morphology, residual stress, hardness 

1. INTRODUCTION 

Titanium and its alloys are used in many engineering applications in the aerospace, automotive, chemical and 
biomedical industries, due to their high strength, low density and good corrosion resistance in many 
environments [1-4]. However, a significant disadvantage of titanium alloys is the high coefficient of friction and 
wear [5]. Advances and innovations in surface engineering have significantly enhanced the performance 
of commercially available titanium materials. Surface properties can be improved by advanced methods using 
accelerated ions, such as magnetron sputtering, plasma-assisted chemical vapour deposition, ion implantation 
and ion beam assisted deposition [6-9]. Surface integrity plays a key role in the surface modifications and 
coating processes that provide high and long-term performance of the treated components. A major aspect 
of the structural bonding of coating materials to titanium is the surface pre-treatment of the substrates. The 
pre-deposition treatment of the substrate has a significant influence on the durability of the adhesion bonds. 
Ion sputter cleaning in the pre-deposition phase of the coating process is often used to improve the adhesion 
of coatings [10,11]. Ion etching of the surface leads to the removal of impurities after mechanical polishing and 
the removal of contaminants from the air. The conditions of the sputter cleaning process (e.g. ion current 
density, processing time, incidence angle, etc.) influence the amount of material that is removed. Different 
thickness of the removed layer can have a significant effect on the surface properties of titanium and on the 
quality of its surface treatment. 

This work presents the effect of argon sputter cleaning on the internal stress, hardness and surface 
morphology of commercially pure titanium grade 2. Hardness was investigated by nanoindentation, residual 
stress was measured by X-ray diffraction (XRD), and surface morphology was monitored by atomic force 
microscopy (AFM). 

2. EXPERIMENTAL 

The substrates were made of commercially pure titanium grade 2 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 diamond paste. Before the sputter cleaning 
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process, the samples were ultrasonically degreased in acetone for 20 minutes, and in isopropyl alcohol, also 
for 20 minutes. 

The samples were placed on a sample holder mounted on a rotary manipulator in a vacuum chamber, and 
were sputter cleaned with 700 eV argon ions to etch and remove the surface layer. The ion beam current 
density was about 90 μA·cm−2. The sputtering rate and the thickness of the removed layer were measured by 
a quartz crystal monitor located in the vacuum chamber. An experimental arrangement of the sputter cleaning 
process is presented in Figure 1. The sputter cleaned samples were prepared in two groups. The thickness 
of the removed layer was 1 µm for the first group and 3 µm for the second group. 

The nanoindentation method in continuous measurement mode (CMX) was applied to obtain depth profiles 
of the surface hardness [8]. The CMX indentation function was prescribed by a quasistatic force (Pqstat) in the 
range from 2 to 10000 mN. The dynamic actuation force (Pdyn) was prescribed in the range from 3 to 202.9 
mN at a frequency of 200 Hz. For the sputtered sample, average values were obtained from 16 indents in a 4 
x 4 matrix with a separation step of 5 µm. The residual stress was investigated by XRD analysis. A PANalytical 
X'Pert PRO horizontal powder diffractometer was used with a Co anode (λ= 0.178901 nm), a Göbel mirror in 
the primary beam and a parallel plate collimator in a diffracted beam. The residual stresses were evaluated 
using the Úí�ψ2 method. The sputter cleaned surface was analysed by an atomic force microscope (AFM). The 
AFM was used in tapping mode. 

 

Figure 1 Experimental arrangement of the sputter cleaning process 

3. RESULTS AND DISCUSSION 

Figure 2 shows the evolution of the macroscopic residual stress with the thickness of the surface layer 
removed by argon sputter cleaning. The residual stress after polishing was found to be approximately 190 
MPa. Argon sputter cleaning reduced the residual stress to approximately 124 MPa for a removed layer 1 µm 
in thickness, and to approximately 116 MPa for a removed layer 3 µm in thickness. There are two causes for 
the reduction in stress, both of which act simultaneously. In the first case, the residual stress is reduced by 
removing the layer in which the stress was induced by polishing. In the second case, the pressure stress 
induced by argon sputter cleaning counteracts the stress caused by polishing. 
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Figure 2 Macroscopic residual stress vs. thickness of surface layer removed by argon sputter cleaning 

Figure 3 shows the hardness profiles measured on the polished sample and on the samples sputter claned 
by argon ions. It can be seen that the course of the surface hardness is not constant. Locally increased surface 
hardness is probably caused by internal stress after mechanical polishing. The hardness, with the maximum 
in the near surface region, decreases towards the depth of the sample. The results show that the surface 
hardness decreases with increasing thickness of the layer removed by argon sputter cleaning. A very flat 
profile with an almost constant course of hardness was measured on the sample with the removed layer 3 µm 
in thickness. The results presented here indicate that a reduction in internal stress leads to lower surface 
hardness values. This phenomenon has also been observed in the strained titanium lattice after ion 
implantation [8]. 

 

Figure 3 Hardness profiles of mechanically polished titanium and ion sputter cleaned titanium with different 
thicknesses of the removed surface layer 
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Representative AFM surface morphology scans are shown in Figure 4. The mechanically polished surface is 
relatively smooth, without major protrusions. However, the surface appears to be wavy. The typical morphology 
with exposed grain boundaries is observed on the surface sputter cleaned by argon ions (Figure 4b). Uneven 
sputtering of grains with different orientations leads to increasing roughness. The roughness (Ra) increased 
from 0.006 µm for a mechanically polished sample to 0.135 µm for a sputter cleaned sample with a removed 
layer 3 µm in thickness. The results show that sputter cleaning of a titanium substrate leads to increased 
surface roughness and reduced residual stress. These factors play a significant role in the adhesion of coatings 
[10-12]. 

     

Figure 4 Representative AFM images of a mechanically polished surface (a), and an argon sputter cleaned 
surface (removed layer 3µm in thickness) (b) 

4. CONCLUSION 

The influence of the argon sputter cleaning process on the residual stress, the hardness and the surface 
morphology of commercially pure titanium has been demonstrated. Argon sputter cleaning reduces the 
residual stress from approximately 190 MPa for a mechanically polished sample to approximately 124 MPa for 
a removed layer 1 µm in thickness, and to approximately 116 MPa for a removed layer 3 µm in thickness. The 
reduction in residual stress had an impact on surface hardness. It has been demonstrated that the surface 
hardness decreases with increasing thickness of the removed layer. Uneven sputtering of grains with a 
different orientation led to increasing roughness after sputter cleaning. 
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Abstract 

In recent years, nanoparticles have high importance in various areas such as biomedical, environmental or 
pharmaceutical applications due to their chemical and physical properties. In all these applications, maintaining 
control over the particle size and shape is of high significance due to their size and shape-dependent 
properties. The most abundant method of synthesis of nanoparticles is a batch process because of its fast and 
easy reaction setup. However, many types of nanoparticles are very sensitive to reaction parameters which 
directly affect the size and shape of the final particles and the process is hardly reproducible. 

In this work, we present nanoparticle synthesis using microfluidic devices. Compared to a batch process, 
microfluidics offers a high control over the reaction process by easy control of the system parameters (e.g. 
mixing and flow rates of reactants and reaction time) with the ability to make an operative change 
of parameters during the synthesis. Specifically, the synthesis of silica and silver nanoparticles using a droplet 
generation microfluidic device will be presented. The size and morphology of final nanoparticles will be 
analyzed and compared to a traditional batch method.  

Keywords: Nanoparticles, microfluidics, silver, flow-focusing 

1.  INTRODUCTION 

Nanoparticles have high importance in various areas such as bio-pharmaceutical, tissue-engineering, gene, 
and drug delivery, biomedicine and environmental technology due to their unique structural, chemical and 
physical properties [1,2]. Especially, biomedical applications like cancer treatment or bactericidal applications 
of nanoparticles have been used extensively [2,3]. For all these applications, controlling the particle size and 
producing a unique size and shape of particles are significant due to their size and shape-depended properties. 
Traditionally batch synthesis methods are the most preferred method for particles production [4,5]. However, 
in the batch methods, it is often hard to control bulk shearing forces, affecting the nucleation and consequently 
size and shape of the final particles. Besides, traditional methods are not flexible or efficient, and obtained 
particle size distributions are usually wide [6]. Therefore, there is an increasing demand for better synthesis 
methods to produce particles with a monodispersed size and defined morphology suitable for high-end 
applications [7].  

Microfluidics is nowadays more than ever employed as a promising method for nanoparticle synthesis 
overcoming limits of batch-wise synthesis [8]. Firstly, large surface area to volume ratio of microchannels helps 
to increase mass and heat transfer in the system. It increases the efficiency of the reaction in a smaller volume 
compared to a high-volume batch method. Secondly, microchips are more suitable to work in harsh conditions 
in comparison to the batch reactors in regards to rapid temperature or pressure changes while using toxic 
and/or explosive materials [9]. Moreover, very fast reactions need to be effectively controlled in the batch, by 
mixing conditions or immediate parameter changes in the system. In those cases, microfluidic devices allow 
to control the parameters and to screen the system more flexible than batch reactor [6],[8] and it can provide 
higher reproducibility of final products [9].  

In this paper, the synthesis of silver nanoparticles using the microfluidic device is discussed. The structure 
of the paper follows the experimental description of silver nanoparticle production by both microfluidic and 
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batch methods, evaluation of the results obtained by characterization techniques, critical discussion of the 
suitability of both methods for efficient production of nanoparticles, and finally a conclusion.  

2.  MATERIALS AND METHODS 

2.1.  Chemicals 

The following chemicals were used: silver nitrate (AgNO3, Sigma, purity > 99 %), trisodium citrate 
dihydrate (C6H5Na3O7.2H2O, Penta, purity > 99 %), tannic acid (C76H52O46, Sigma Aldrich), Rhodamine B 
(Aldrich), polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning), silicone elastomer (Sylgard 184, Dow 
Corning), mineral oil (Sigma), diethyl ether (C4H10O, Penta). Demineralized water (Aqual 25, conductivity ~ 
0.07 μS/cm) was used for all reactions and treatment processes where noted.  

3.  EXPERIMENTAL PART 

3.1.  Batch process 

The synthesis of silver nanoparticles in the batch was done by the precipitation of silver nitrate as the silver 
source according to Ranoszek-Soliwoda et al. [10]. An aqueous solution of silver nitrate (0.9625 mM, 95 mL), 
trisodium citrate dihydrate (0.07 M, 4.03 mL) and tannic acid (0.0015 M, 0.60 mL) were prepared using 
demineralized water. The molar ratio of the silver nitrate, trisodium citrate dihydrate, tannic acid was calculated 
to be 1.0:3.1:0.1. Silver nitrate solution was placed in a 250 ml glass round bottom flask, and the mixture 
of silver nitrate solution with the tannic acid solution was added dropwise into the flask at room temperature 
under continuous stirring at 500 rpm. When the addition was completed, stirring was kept for 15 more minutes. 
Samples were collected every minute for the first 5 minutes and every 5 minutes for the rest of the synthesis 
process. The samples were analysed by a dynamic light scattering (DLS, Malvern Zetasizer NanoZS) and 
spectrophotometer (Tecan Infinite 200 PRO Series). Additionally, nanoparticles were visually characterized by 
transmission electron microscopy (TEM, Jeol JEM-1010).  

3.2.  Microfluidic chip design 

The microchip (Figure 1A) was designed to have three inputs, i.e. two for the disperse phases (1) and (2) and 
one for the continuous phase (3), the flow-focusing junction (4), where the droplet generation occurs, and one 
output (5). The basic principle using the microfluidic setup for nanoparticle preparation is based on a droplet 
formation where all reactants are mixed. The two immiscible fluids meet at the flow focusing point (Figure 1B) 
to generate droplets (aqueous solution) surrounded by the continuous phase (mineral oil). Each input was 
connected by a polytetrafluoroethylene (PTFE) capillary to a syringe (Hamilton) containing a reagent. A 
computer controlled linear pump (neMESYS) was used to precisely control the flow rates of the reagents and 
the continuous phase.  

               

Figure 1 Microfluidic chip: A) silicon wafer with the chip design; B) the detailed image of the flow focusing 
part for droplet generation 
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3.3.  Fabrication of PDMS microfluidic chips 

The microchips were prepared using a soft lithography method using polydimethylsiloxane (PDMS) and a 
silicon wafer serving as a master mould. The PDMS was prepared by mixing the curing agent and the silicone 
elastomer (1:5 w:w) and poured over the silicon wafer placed in a Petri dish. The polymer mixture was 
degassed and heat-treated at 75 °C for 22 minutes. The crosslinked PDMS was peeled off from the wafer and 
holes were punched for the channel inlets and outlets. The bottom part of the chip was prepared using a PDMS 
mixture of 1:14 w:w ratio (curing agent to silicone elastomer) poured inside an empty Petri dish and put 
in the oven at 75 °C for 22 minutes. The surface of the PDMS layer remained sticky, and the upper part of the 
chip with channels was placed on top of it. The resulting chip made of the two combined parts was left in the 
oven at 75°C overnight to ensure strong bonding. The width of the nozzle orifice and outlet microchannel was 
46 µm and 70 µm, respectively with a uniform height of 20 µm. 

3.4.  Microfluidic process 

Silver nanoparticles were synthesized by the reduction reaction of silver nitrate using trisodium citrate 
dihydrate solution as a reduction agent. Briefly, silver nitrate (SN, AgNO3) solution (1 mL and 0.92 mM), 
trisodium citrate dihydrate (SC, C6H5Na3O7.2H2O) solution (1 mL and 5.72 mM) and tannic acid (TA, 
C76H52O46) solution (1 mL and 0.185 mM) were prepared with demineralized water. The molar ratio of all 
reactants (1.0:3.1:0.1) was kept the same as in the batch process. 1 ml of TA solution was added into 1 ml SC 
solution as a stabilizing agent. They were mixed, and 1 ml of the mixture solution was taken as one of the 
dispersed phases. The both disperse phases - silver nitrate and trisodium citrate dihydrate with tannic acid 
solutions were pre-filtered before use. 1 ml SN solution was transferred into a 1 ml volume glass syringe. Then, 
1 ml of SC and TA solution was transferred to the other glass syringe (Hamilton) of 1 ml volume. Finally, 2 ml 
of a mineral oil (as continuous phase) was transferred into a 2.5 ml volume glass syringe, and they were all 
connected to the microchip via PTFE (Adtech, 4 mm diameter) tubings. The flow rates were set for each phase 
and experimental setup individually by the linear pump software. The final product was collected into sample 
tubes pre-filled with 0.5 mL demineralized water to quench the reaction and particles growth. Then the W/O 
emulsion was separated by centrifugation for 3 minutes at 13.4 rpm (Eppendorf, MiniSpin) to oil and aqueous 
phases. After discarding of the oil phase, samples were further cleaned by the extraction with diethyl ether to 
remove remaining traces of the oil. Table 1 summarizes studied experimental conditions for all samples.  

Table 1 Experimental compositions and conditions of all studied samples of silver nanoparticle synthesis 

 

Sample 

 

CSN 

[mM] 

 

Csc 

[mM] 

 

CTA 

[mM] 

Flow Rate 1 

QSN 

[µl/h] 

Flow Rate 2 

QSC and TA mixture 

[µl/h] 

Total Flow Rate  

QSC TA+QSN 

[µl/h] 

Flow Rate 3 

Qmineral oil 

[µl/h] 

1 0.92  5.72 0.185  8  8  16 60  

2 0.92  5.72 0.185  8  8  16 80  

3 0.92  5.72 0.185  16  16  32 60  

4 0.92  5.72 0.185 16  16  32 80  

4.  RESULTS 

4.1.  Comparison of batch and microfluidic methods of silver nanoparticles production 

Two different methods were used to produce silver nanoparticles using a consistent molar ratio of reagents 
(1.0:3.1:0.1) in the systems as described in the Experimental Section. The dynamic behaviour of the batch 
synthesis was examined using dynamic light scattering (DLS) and opposite to the expectations a linear growth 
of particles in time was not observed. Additionally, the samples were relatively polydisperse. On the other 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

634 

hand, in microfluidic production process, DLS measurements of the final product show less polydisperse 
populations than in the case of batch production (Figure 2A), except for one case, the product which was 
produced at 16 µl/h flow rates for both dispersed phases and 60 µl/h flow rate of the continuous phase (sample 
3 from Table 1). The polydispersity in the final product is probably caused by the presence of many particle 
nuclei in some samples as it will be shown in section 4.3. All DLS data are shown in the result Table 2. 

 

Figure 2 (A) Volume size distribution graphs of Ag nanoparticle samples produced by microfluidics with 
various flow rates; (B) UV-Vis spectra of Ag NPs prepared by both methods. 

Figure 2B shows UV-Vis spectra for all prepared samples. The batch sample showed relatively constant 
spectra after the first 5 minutes with the maximal intensity at 440 nm. The higher wavelength of the maxima 
and broader peak are both indicators of larger particles and the presence of agglomerates. In contrast, results 
from microfluidic preparation show a much narrower spectra with a sharp peak with the absorbance maxima 
at 420 nm.    

4.2.  Image analysis of particles from TEM images 

The transmission electron microscope (TEM) was used to observe particle structure, morphology, and size. 
The results show that at the end of the microfluidic process, the final particles are obtained mostly spherical 
and relatively monodisperse. Additionally, it also proves that there is no agglomeration in the final product. The 
batch product shows more polydisperse and larger particles having more irregular shape compared to 
microfluidic products. 

 

Figure 3 TEM pictures of final silver nanoparticles from microfluidic (A-D) and batch (E) proces: A) sample 1 
B) sample 2, C) sample 3, D) sample 4 ( all microfluidic samples correspond with the designation in 

Table 10), E) sample of the batch process collected at 15 min. 

4.3.  Effect of flow rate on particle size  

The average sizes and their standard deviations for particles prepared using different flow rates of dispersed 
and continuous phases are shown in Table 2. The results of DLS are defined based on the volumetric size 
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distributions. The results show that increased flow rate of the dispersed phase and fixed continuous phase 
lead to increased values of the final particle size measured by both DLS and image analysis of TEM images. 
By increasing the flow rate of the dispersed phase from 16 to 32 µl/h, the size of the particles increased from 
27.7 nm to 46.1 nm. The results of the batch process shows the biggest size values of the silver nanoparticles. 

Table 2 Influence of the flow rates of dispersed and continuous phases on particle size distribution  
     for microfluidic experiments and comparison with the batch process. 

Experiment No  Qdisperse 

[µl/h] 

Qcontinuous 

[µl/h] 

Particle Size 

DLS 

(nm) 

Particle Size  

TEM 

(nm) 

1 16 60  32.8 ± 7.9 16.3 ± 9.0 

2 16 80 27.7 ± 8.3 12.8 ± 9.9 

3 32 60  35.7 ± 5.6 20.7 ± 14.4 

4 32 80 46.1 ± 9.1 22.3 ± 8.2 

Batch  - 65.2 ± 26.5 42.4 ± 29.1 

5.  CONCLUSION 

In this work, silver nanoparticle synthesis is carried out by two different methods, batch and microfluidic. The 
nanoparticles are prepared using trisodium citrate dihydrate as a reducing agent, tannic acid as a stabilizer 
and finally silver nitrate as a metal reductant. The experimental results presents that both methods were 
successful in nanoparticle production. However, the microfluidic method provides better control over the 
system parameters via internal settings. In comparison to batch process, microfluidic process results in 
narrower particle size distribution and more spherical morphology. Additionally, silver solution changes colour 
to yellow-brown during the synthesis. Thus, due to the susceptibility of silver nanoparticles to light absorption, 
the particle size and shape could be measured during the process and their final properties could be controlled. 
Finally, both methods were compared successfully and the important parameters of the syntheses in relation 
to the resulting particle qualities were identified.  
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Abstract  

Synthesis of nanoparticles was possible employing a Nd:YAG pulsed laser at fundamental harmonic. The 
production of nanoparticles in water depends mainly on the laser parameters (pulse duration, energy, 
wavelength), the irradiation conditions (focal spot, repetition rate, irradiation time) and the medium where the 
ablation occurs (solid target, water, solution concentration). The nanoparticles can be introduced in solids, 
liquids or gases to change many physical characteristics. The optical properties of polymers and solutions, the 
wetting ability of liquids, the electron density of laser-generated plasma, represent some examples that can be 
controlled by the concentration of metallic nanoparticles (Au, Ag, Ti, Cu). Some bio-medical applications will 
be presented and discussed.   

Keywords: Nanoparticles, laser, plasma, bio-medical applications 

1. INTRODUCTION 

Laser interaction with solid targets in liquids represents a promising physical method to produce nanoparticles 
(NPs) without chemical agents. This technique allows to control the size, structure, concentration and 
morphology of the NPs by monitoring of the laser parameters (i.e., wavelength, fluence, spot size, pulse width, 
repetition rate and irradiation time), the irradiation conditions (focus, incidence angle, ...) and the target 
properties (composition, thickness, ...) [1]. Laser ablation induces physical modification of matter, due to photo-
thermal and photo-chemical effects, and molecular fragmentation from solid into nano-particulates when the 
irradiation occurs in liquids instead in vacuum [2,3]. 

The pulsed laser ablation (PLA) process [4] in liquids involves different steps [5,6]: the laser beam is focused 
on the surface of the target, which is plunged into the liquid, and it is partially absorbed producing a direct 
photoionization on the target surface. A detachment of the material from the target occurs by thermal and 
Coulomb mechanisms with a consequent cavitation bubble effect, due to the energy released by the plasma 
plume to the surrounding liquids at the plume-liquid interface, ending with the bubble collapse. In the end, the 
plasma plume formation and its confinement at the metal-liquid interface induce the enhancement 
of temperature and pressure, a localised emission of atoms and electrons occurs and their strong interaction, 
due to the not possible expansion in the dense liquid, induces NPs production and a liquid solution 
generation [7].  

The solutions, containing metallic nanoparticles at different concentrations, significantly modify the original 
physical and chemical properties of the liquid, such as the surface tension, density, viscosity, thermal and 
electric conduction [8,9]. The localised laser pulse induces target heating and the water causes fast cooling 
resulting in preferential crystallisation and grain growth of NPs [10]. 

The produced NPs generally have a spherical shape, a composition depending on the irradiated target and a 
size distribution depending on the used laser parameters and irradiation conditions. A special attention is given 
to metallic NPs of Au, Ti, Ag and C. The produced NPs in water can be employed to be inserted in solids, 
liquids and gases to modify their physical and chemical properties. 
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Surface Plasmon Resonance (SPR) absorption of the incident light, producing high absorption bands at 
particular wavelengths, is one of the main optical properties of metallic nanoparticles. It consists of collective 
oscillations of the conduction electrons excited by the electromagnetic field of the incident light. Thus, a 
metallic nanoparticle can be described as quasi-free sphere conduction electrons, moving on its surface. The 
light of the electromagnetic field exerts a force on moving conduction electrons of the surface, which induces 
an electric dipole when a nanoparticle is illuminated [11]. This dipole, in turn, generates an electric field 
opposite to that of the incident light, which forces electrons to return to their equilibrium position. After removing 
the external electric field, the electrons oscillate with a so-called “plasmon frequency”, which is proportional to 
the square root of their density [11]. The surface plasmon oscillations are affected by various factors such as 
the composition, the size and shape of the nanoparticles. Its role plays also the surrounding medium and the 
electric field of the other close nanoparticles. Thanks to their peculiar properties, the Au nanoparticles are 
finding many potential applications for different scientific fields, from physics to chemistry, from material 
sciences to microelectronics and bio-medicine [1,7]. 

Introducing Au-NPs in polymer, it is possible to change their optical, mechanical, electrical and thermal 
properties, as reported in literature [1,8]. Depending on the NPs concentration, a transparent polymer can be 
modified in a very absorbent material, an insulator in a conductive medium, an elastic material in a very strong 
one [12]. The employment of biocompatible nanoparticles at low concentration in water, physiological solutions 
and blood determines a different wetting ability, liquid density and viscosity, electrical and thermal conductivity 
and a different color. For example, the different concentration of Au-NPs in water changes the color solution, 
the optical absorbance at specific bands in the visible region depends on the NPs size and produces a change 
in the solution electrical conductivity [8]. The production of ionized gas using pulsed and high intensity lasers 
irradiating of solids produces plasmas, which expand at high velocity in vacuum. If the irradiated target contains 
NPs, it is possible to modify the plasma properties. For example, the use of Au-NPs increases the electron 
density of the plasma and its temperature. Moreover, the electric field generated at the target surface and 
responsible of the ion acceleration in plasma can be increased, as reported in literature [13]. The high-energy 
absorption due to NPs enhances the local temperature of the light illumined medium containing metallic 
nanoparticles. Moreover, metallic NPs in biological tissues can be efficiently employed for photo thermal 
therapy induced by lamps or lasers operating at specific wavelengths [14]. 

In this paper, it will be described a physical method to generate nanoparticles, mainly based on gold, using a 
high intensity pulsed laser. Successively, three applications will be considered for employment of the gold 
nanoparticles in solids, liquids and gases.  

2. EXPERIMENTAL SETUP 

Metallic NPs, based on Au, Ag, Cu and Ti, were prepared using the “top-down” method by laser ablation in 
water [15,16]. A Nd:YAG laser operating at 1064 nm wavelength, with 3 ns pulse duration, 200 mJ pulse 
energy, 1 mm2 focused spot and 10 Hz pulse repetition rate was employed. A metallic target having a surface 
of 1 cm2 and 1 mm thickness was placed on a bottom of a glass tube filled with 10-30 ml of distilled water. The 
laser light was focused onto the metallic target with a 500 mm focal length convergent lens to obtain 1 mm 
of the spot diameter. An exposition time of the order of 10-30 min with repetitive laser shots was used. The 
ablation yield depends on the irradiated material, generally concentration of solution of the order of 0.1-10 
mg/ml is prepared. A scheme of the experimental setup is shown in Figure 1a [2].  

Figure 1b reports on typical curves of ablation yield for different targets (Au, Ag, Cu, Ti) as a function of the 
laser fluence (energy pulse per surface unit, J/cm2) [17]. One can see that for the same value of fluence, the 
ablation yield is higher for Au and lower for Ti.  The increment of the ablation yield means that the high 
concentration of NPs in solution can be obtained for relatively low laser fluence and irradiation times. The 
ablation yield has been measured using the weight loss with a micro-scale of a little target irradiated for long 



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

639 

time (30 min) at the 10 Hz repetition rate. The NP structure was obtained by irradiation the solid target in water, 
placed in about 5 mm depth with respect to the free water surface. After the laser irradiation, in order to avoid 
effect of the NP coalescence, 1-5 ml surfactant (sodium citrate) was added to the solution. 

 
Figure 1 a) Scheme of the experimental set-up used for the laser generation of nanoparticles in water  

and b) measurements of ablation yield vs. laser fluence for different metallic targets 

The NPs production was investigated using the SEM and TEM microscopy. The EDX analysis were performed 
using detection of the characteristic X-rays emitted from the nanoparticles in order to verify the purity of the 
produced nanoparticles and their composition. Their size distribution was plotted in order to obtain information 
on the average size and on its indetermination by TEM image acquisition, considering a large number 
of nanoparticles. Using an image containing about 100 NPs or more, the single diameters were considered, 
employing an appropriate imaging software, as reported in [3].  

Liquid solutions containing NPs were characterized using the near-UV-VIS-near-IR wavelengths produced by 
different lasers and lamps in order to measure the solution absorbance. The wetting ability of the solution was 
also measured by the contact angle of 1 ml liquid drop placed on different polished substrates. The contact 
angle was measured using an appropriate optical microscope. Polymers with NPs were obtained by 
embedding the NPs into the melted polymers. The optical properties of such polymers were measured using 
the transmission and absorption coefficients in thin films. The electrical conductivity of the polymers with the 
embedded NPs were measured using a Keithley modules for I-V measurements in DC [18]. Measurements 
of plasma generation by Nd:YAG laser, operating at 1064 nm in single pulse (3 ns), were generated in high-
vacuum conditions. The ion velocity generated in such gas, as well as the properties of NPs employed in laser 
irradiated target were measured by time-of-flight (TOF) technique, employing ion collectors attached to a fast 
storage oscilloscope, as reported in literature [19]. 

3. RESULTS 

Figure 2 shows a SEM (a) image of metallic NPs of Au deposited on a carbon substrate on the stab. The 
average dimension of such spherical NPs is about 10 nm. Their composition was measured using the EDX 
analysis incited by the 20 keV electron beam. A typical EDX investigation reporting on the Au-NPs purity is 
presented in Figure 2b; TEM microscopy gives an average diameter of 10 nm (c) [17]. 
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Figure 2 a) SEM images of Au-NPs on carbon surface, b) typical EDX analysis and c) TEM image. 

3.1. Applications to liquids 

The liquid containing NPs can be analyzed by optical spectroscopy to determine its absorbance in the UV-Vis-
IR wavelength regions, to obtain information about the characteristics (shape and size) of the embedded NPs. 
Figure 3a reports on an example of Au-NPs generated in water and analyzed in absorbance vs. wavelength 
[1]. The optical density of the liquid contained in a cuvette shows an absorption peak at specific wavelength 
ranges, increasing with the size of the nanoparticles. For nanoparticles of about 20 nm in diameter the SPR 
peak is localized at about 525 nm, while for NPs with 100 nm in diameter the peaks shifts to about 580 nm. 
Figure 3b reports on the different coloration of the solution, which turns from rose to red and then violet with 
increasing of the Au-NPs concentration. 

 

Figure 3 a) Measurements of absorbance in water containing Au-NPs vs. wavelength and diameter of the 
NPs, and b) different colorization of the solutions with increasing the NPs concentration [20] 

Figure 4a-f reports on the typical examples of the contact angle measurements of water without and with Au-
NPs deposited as a drop on different polished substrates (polyethylene-PE (a, b), Ti (c, d) and Si (e, f) [8]. The 
solution had an Au-NPs concentration of 0.3 mg/ml. The contact angle θ was measured by the resulting angle 
between the forces applied to the solid-gas interface (γSG), solid-liquid interface (γSL) and liquid-gas interface 
(γLG), as reported in the equation given in the scheme of Figure 4g [8]. One can see that the wetting ability 
of the solution increases using the gold NPs, as it is demonstrated by the lower contact angle in the presence 
of NPs. The contact angle in fact decreases from 94° to 85° in PE, from 91° to 76° in Ti and from 67° to 42° in 
Si. It means that the Au-NPs induce a decreasing of the cohesion forces of the liquid solution molecules and 
enhancing the adhesion forces with the solid surface. This result was obtained also for other substrates [8], 
such as Cu, Ag, Al, polymethyl methacrylate (PMMA), SiO2 and glass, demonstrating that the increased wetting 
ability of the solution containing Au-NPs represents a general behavior. This result is important for applications 
in different fields, such as in bio-medicine, where to improve the wetting ability of biomaterials with liquids and 
biological tissues Au-NPs can be injected in the liquid or deposited on the surface of the biomaterials.  
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Figure 4 Examples of contact angle measurements of water (a, c, e) and water containing Au-NPs (right) 
deposited as a drop on different substrates of b) PE, d) TI and f) Si. In g) a scheme is depicted a relation 

between contact angle and surface tension is depicted 

The employment of metallic NPs both in the liquid and on the solid surfaces increases their hydrophilic trend, 
as it is reported in literature [8] This behavior can improve the cell growth on the implanted prosthesis 
stimulating the tissue integration and other physiological processes that prolong the prosthesis life, as indicated 
in the Figure 5.  

 

Figure 5 Scheme of the prosthesis implantation in biological environment with the use of NPs  
at its surface [21] 

3.2. Applications to solids 

The introduction of NPs in polymers changes their physical and chemical properties. In particular, the optical 
properties can be modified drastically also by employing low NPs concentrations. Figure 6a [17] shows the 
measured absorbance vs. wavelength for polyethylene pure and containing uniformly embedded graphene 
nanoparticles at different concentration up to 12 ml solution, and containing also Au-NPs at a concentration 
of 1 % in weight. One can see that the absorbance in the visible range increases significantly, for example at 
500 nm from 50 % in pure PE increases up to 98 % in PE with graphene oxide water dispersion NPs at 0.4 wt% 
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concentration. In presence of Au-NPs with about 10 nm in diameter, the absorbance shows an evident SPR 
resonant absorption peak centered at about 510 nm. Figure 6b shows another example of PE absorption 
coefficient vs. wavelength [22]. The polymer is of high density ultra-high-molecular-weight-poly-ethylene) 
(UHMWPE) in which carbon nanotubes (CNT) are embedded during the melting phase at different 
concentrations from zero up to 1 % in weight.  

 

Figure 6 a) Absorbance vs wavelength for polyethylene containing graphene and Au-NPs, and b) absorption 
coefficient in UHMWPE vs. wavelength containing the CNT nanoparticles 

A special application due to such polymer modification can be found in the field of laser welding of polymeric 
materials. Two polymers, one as pure and transparent to the laser wavelength and the other rich in C-NPs 
content, black and strongly absorbent, can be welded at their interface using the technique of known as Laser 
Transmission Welding (LTD). The laser pulse is transmitted by the first polymer foil and absorbed to the surface 
of the under-placed second polymer. The laser energy released at the interface of the two pressed foils 
produces local heating and polymer melting inducing a resistant welding of the two polymeric foils, as was 
already reported in [22]. Figure 7a reports on a scheme of the used experimental set-up for the LTD technique 
in polymers, and Figure 7b a photo of the produced polymeric welding.  

 

Figure 7 a) Scheme of the LTD laser welding technique, and b) photo of the welded polymers 

3.3. Applications to gases 

Employment of minimum quantities of PE, of the order of 0.1 % in weight, changes the color of the polymer 
from white and transparent to black strongly absorbent material. The use of metallic nanoparticles can be 
extend also to gas phases in order to modify, significantly, their properties. Many applications concern the 
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modifications of the laser-generating plasma properties. A plasma represents an ionized gas at high 
temperature and density, which, in absence of charge equilibrium, shows high electric field responsible to high 
ion acceleration along preferential directions. Nano- and sub-nano laser pulses at high intensity (>1010 W/cm2) 
irradiating a solid material (target) placed in vacuum, generate a non-equilibrium plasma which characteristics 
of temperature, density, photon, electron and ion emission, etc., can be measured with different on line 
techniques (TOF, optical spectroscopy, Langmuir probes, ion collectors, semiconductor detectors, mass 
quadrupole spectrometry, plastic detectors, etc.). A typical scheme of the experimental set-up used to generate 
plasma is shown in Figure 8a.  

 

Figure 8 a) Scheme of the set-up for plasma produced by laser, and b) photo of PE with different  
C-NPs content 

A long tube is employed to detect the emitted ions with an ion-collector (IC) used in TOF approach, i.e., by 
knowing the detector-target distance and measuring the time of arrival of the ions with a fast storage 
oscilloscope an energy of ions can be found. The irradiated targets are placed in the centrum of the vacuum 
chamber and consists of polymers without and with embedded NPs [17]. Figure 8b shows the photo of some 
samples, in which different concentrations of graphene nanoparticles are embedded. The presence of NPs 
modifies the plasma temperature and electron density, depending strongly on the atomic number and 
concentration of the used NPs species. For example, the use of Au-NPs enhances the effective atomic number 
of the target and permits to generate a plasma with a greater electron density and a great charge not-uniformity 
in the plasma [23]. Typical results can be observed by the TOF spectra acquired during the laser-plasma 
generation measuring the velocity of the emitted ions. Using a Nd:YAG laser at 3 ns pulse duration and 1010 
W/cm2 intensity operating in single pulse at 1064 nm wavelength, plasmas from polymer targets were 
generated. Figure 9 shows an example of the results obtained by embedding graphene NPs and Au-NPs in 
UHMWPE [17]. Their presence increases the number of emitted particles, as was observed from the higher 
ion yield (mV), and the higher ion velocity, as was observed from the lower TOF time (µs) necessary to reach 
the IC detector 118 cm distant form the target. This confirmed high kinetic energy of the emitted ions (protons 
and carbons) achieving 200 eV/charge state [24]. 

Using high laser intensity (>1018 W/cm2) and brief pulses (tens of femtoseconds), it is possible to accelerate 
ions in target-normal-sheat-acceleration (TNSA) regime at about 10 MeV per charge state. This allows to use 
the energetic ions for many applications, from nuclear physics (to produce nuclear reactions) to chemistry (to 
induce chemical reaction), from microelectronics (to implant ions in substrates) to medicine (to use the ions for 
radiotherapy), and others [24].  
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Figure 9 TOF spectra of the ions emitted form a laser-generated plasma form pure polymer and polymers 
containing C-NPs and added Au-NPs 

4. CONCLUSIONS 

The production of nanoparticles from the laser ablation in water technique permits to generate metallic and not 
metallic nanoparticles with narrow size distribution, generally below 100 nm in diameter. The repetitive laser 
pulse irradiation and the long irradiation time permit to control the solution concentration and the use 
of surfactants, such as sodium citrate, avoid the nanoparticle coalescence. 

These nanoparticles are employed more and more in different scientific fields to modify the properties 
of liquids, solids and gases. Their composition, shape, size and concentration permit to modify the physical 
and chemical properties of many materials, such as biological solutions, polymers and plasma gases. The 
paper presents results about the liquid color and absorbance variation due to SPR effects, the optical 
properties of polymers in which the NPs are embedded uniformly during the melting phase, and the use 
of nanoparticles in laser irradiated targets to generate plasma with high temperature, density and energetic 
particles. Moreover, inhere only few applications of NPs were shown, but, obviously, many other examples 
can be given, from the preparation of special materials at high mechanical resistance and low density, to the 
use of special sensors, of chemical and pharmaceutical species and the use of NPs to increase the medical 
imaging contrast and the enhancement of absorbed dose in radiotherapy. 

In this contest, the particular interest is devoted to Au-NPs due to their high atomic number and atomic weight, 
their easy synthesis and stability, their exhibition of excellent biocompatibility and chemical passivation, their 
high mass absorption coefficient for X-rays, and high particle stopping powers. Due to the high electron density, 
Au-NPs significantly enhance the absorption of X-rays in the medium where they are embedded, in 
dependence of the used concentration. In the same manner, their introduction in biological liquid, soft or hard 
tissues enhances the electron and ion stopping powers, i.e., the energy released by the incident corpuscular 
radiation. At microscopic level, Au particles of dimensions below 5-10 nm can be filtered by the kidney and 
spleen and transferred to all organs. Such nanoparticles may diffuse not only in the extracellular liquids, but 
can also cross the cell membrane, diffuse in the intracellular liquid arriving in the nucleus and permitting their 
bonding with the DNA. These effects are of special interest in the case of tumor cells because radiotherapy 
permits high release of radiation energies sufficient to damage the DNA and the entire cell. Thus, it means to 
increase the absorbed dose and to destroy more specifically tumor sites containing the gold solution during 
radiotherapy expositions [14]. Moreover, the SPR effect can be employed to localize heating during photo-
thermal therapy induced by lamps or laser light [3]. 
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Abstract 

Nanocomposite system formed by poly(vinyl acetate) (PVAc) matrix and halloysite nanotubes (HNT) filler was 
prepared in three different ways. The first method was kneading the composite melt in laboratory kneader. The 
second one was direct emulsion polymerization of vinyl acetate in the presence of HNT. The third method 
of composite preparation was to disperse HNT in toluene solution of PVAc in planetary ball mill. The filler 
content was 10 wt. % in all composites. The samples from all three preparation methods were subjected to the 
observation of nanoparticles dispergation efficiency within the bulk material using SEM. The best level 
of particles dispersion was achieved using the ball mill. The particles were effectively dispersed, forming the 
agglomerates in the range from below one micrometer down to single nanotubes. 

Keywords: Nanocomposite, halloysite, dispergation, ball mill 

1. INTRODUCTION 

The usage of nanometric size filler is keeping its supreme position thanks to the specific properties of the 
output nanocomposite. Nanotubular clay mineral Halloysite (HNT) is composed of aluminosilicate naturally 
structured in layers. It has significant reinforcing impact on polymer composites. It has large influence to tensile 
strength of polymer composites even in small contain - less than 7 % [1]. The unique structure of HNT allows 
its usage as filler for nanocomposites for medical application. For example as a drug deliverer [2] or reinforcing 
material for tissue replacements with very low cytotoxicity [3].  

A sufficient nanofiller dispersion and preparation of nanocomposites remains a large problem till present time. 
There exist a large number of nanocomposites preparation methods. The simplest method is to disperse 
nanofiller in polymer melt mechanically, most often using twin screw extruder [4]. The less common way how 
to disperse filler can be by high energy planetary ball mill. The dispersion of the filler in matrix can be than 
performed while dry phase [5] or in the polymer solution [6]. Other ways to disperse the particles can be 
performed by ultrasonication of particles in the polymer solution [7], or radical grafting of the polymer matrix 
directly to particle surface. It is about the matrix polymerization with the filler directly present [8]. In this paper 
three methods of nanocomposite preparation will be introduced: To disperse filler in the polymer melt by 
laboratory kneader, direct polymerization of poly(vinyl acetate) with the HNT present and to disperse the HNT 
filler in polymer solution using planetary ball mill. 

The sample preparation by laboratory kneader introduces a low-volume composite sample preparation by 
mixing of the matrix and the filler in the melt. It also simulates the most common way of composite production 
- twin screw extrusion. In the laboratory kneader the particles are dispersed in matrix by shear rate. It is caused 
by mixing segments affecting the polymer melt directly and nanofiller particles indirectly. 

During the vinyl acetate polymerization with presence of HNT, better level of nanofiller dispersion was 
assumed, than during preparation in the polymer melt. Low molecular vinyl acetate has a better diffusion to 
nanofiller agglomerates than high molecular PVAc. Moreover, the HNT has a certain amount of hydroxyl 
groups on its surface which causes it partly more polar. That is why the particles are sufficiently dispersed in 
the polar solvent - the water. 
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The HNT filler was to disperse in toluene PVAc solution using the planetary ball mill, considering its high milling 
efficiency. The particles are dispersed in high viscous polymer matrix solution by the effect of high speed 
movement of milling segments. At the same time the particles agglomerates are grinded by impaction of the 
milling segments to the wall of the milling jar and their rolling alongside the milling jar wall. The combination 
of those effects provides a highly effective mixing method. 

2. MATHERIALS AND METHODES 

2.1. Used material 

Poly(vinyl acetate) Vinnex® 2525, kindly provided by Wacker. Halloysite nanotubes, poly(vinyl alcohol), 
dodecyl sulfate sodium salt, benzoyl peroxide and ammonium iron(II) sulfate hexahydrate purchased by Sigma 
Aldrich. Sodium pyrophosphate decahydrate and toluene was obtained from Penta s.r.o. 

2.2. Preparation of testing samples 

HNT in the amount of 10 wt % was used to prepare all of the PVAc based composites. 

The first of testing composite samples had been prepared in melt on laboratory kneader Plasti-Corder 
BRABENDER with temperature of 140°C and 45 RPM of sigmoid kneading segments. The PVAc had been 
brought to kneader and plasticized by kneading for 1 minute. Then HNT filler was added and sample had been 
mixed for 11 minutes. After that the melt had been removed from the kneader and leaved to cool down to the 
laboratory temperature. 

The second sample was prepared by polymerization of vinyl acetate with presence of HNT filler using following 
procedure: An emulgator containing poly(vinyl alcohol) and dodecyl sulfate sodium salt dispersed in water was 
prepared in reaction container. The initiator benzoyl peroxide, catalyzer ammonium iron(II) sulfate hexahydrate 
and the free ion catcher sodium pyrophosphate decahydrate were added to the emulgator under the nitrogen 
atmosphere. After complete dissolution of all parts, vinyl acetate and HNT filler were added. The mixture had 
been heated for two hours and stirred intensively, then cooled down. PVAc composite precipitate was done by 
freezing. Catalyzers and dispersants were separated and removed in the form of a green precipitate. The 
required white composite was dried in the dry box at 40°C to the constant weight value. 

The third composite sample was prepared by milling of PVAc solution with HNT filler in planetary ball mill. 
Commercial PVAc was dissolved in toluene to get 10 % solution and placed to steel milling jar containing the 
milling balls together with HNT filler. The milling balls weight was calculated as 10 times the weight of the 
polymer mass. Two steel milling jars was placed into Retch planetary mill and the milling was repeated in 6 
cycles, each for 30 minutes. 20 minutes breaks were set in between the milling cycles to let the milling jars to 
cool down. At the end of milling process the output composite solution was precipitated to water and filtered. 
Then it was dried in the drying box to constant weight. 

2.3. Scanning electron microscopy 

Samples for the scanning electron microscopy were first cryogenically broken under liquid nitrogen to create 
fracture area. Then they were covered by thin Pt/Pd layer using Chemical Vapor Deposition method in argon 
atmosphere. For the particle distribution analysis, scanning electron microscope JEOL 7500F with resolution 
of 1 nm and acceleration voltage of 10 kV was then used. 

3. RESULTS AND DISCUSION 

Photography Figure 1 is showing the fracture area of composite sample prepared on laboratory kneader. On 
picture on the left a large agglomerate of undispersed particles can be seen. Particle agglomerates in range 
of size of several tens of micrometers was observed on the photographs. A detail view of matrix - halloysite 
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particles agglomerates interface can be seen on the figure left. Nanotubes on the edges of the agglomerates 
are relatively well soaked with matrix. This is the indication of sufficient adhesion of untreated HNT to PVAc 
matrix. The presence of large particle agglomerates is then not caused by low interfacial compatibility in the 
composite, but by insufficient ability of the kneader to disperse the filler. Still, even individual nanotubes was 
observed in the sample. 

 

Figure 1 SEM photograph of the PVAc - HNT samples prepared by melt kneading 

 

Figure 2 SEM photograph of the PVAc - HNT samples prepared by direct polymerization 

The fracture area of composite sample prepared by emulsion polymerization of PVAc with HNT present is 
displayed on picture Figure 2. On a picture on the left sponge structure of the sample can be seen. It is due 
to the method of preparation. This state of sample makes the nano reinforcement observation more 
complicated. The particle agglomerate densely covered with PVAc matrix is visible on the upper and the left 
side of the photograph. A large, vertical needle shaped agglomerate of size of several micrometers can be 
seen at the picture’s front. This indicates a lower compatibility of prepared PVAc matrix to the nanofiller. A 
detail of HNT and PVAc matrix interface is shown on the picture on the right. The particles of the filler are 
covered by the matrix but with worst soaking. The interface adhesion is not ideal then. That can be related to 
good vinyl acetate diffusion to the particle surface in the agglomerate, but with bad wettability of the individual 
particles by the vinyl acetate solution. That’s why the PVAc is then separated from the particle surface during 
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polymerization process. Incorrectly dispersed agglomerates of nanofiller are also appearing during this 
composite sample preparation method, even if these agglomerates are significantly smaller than those 
prepared in the laboratory kneader. 

The picture Figure 3 is showing a surface structure of cryogenically broken composite sample, prepared in 
planetary ball mill. The SEM analysis did not show significant agglomerate of HNT particles. The largest 
particles agglomerates found is shown on the picture on the left, where the agglomerates are composed only 
by a few nanotubes. A detailed view of matrix and nanofiller interface is depicted on the picture on the right. 
The agglomerate found is well covered with polymer matrix. Processing of composites in the planetary ball mill 
has no negative impact on interfacial adhesion then. 

 

Figure 3 SEM photograph of the PVAc - HNT samples prepared from toluene solution, dispersed by ball mill 

4. CONCLUSION 

In this paper three methods of nanocomposites preparation were compared and level of particle dispersion in 
matrix was observed. Composite preparation by kneading in polymer melt is the least time consuming method. 
Unfortunately, large number of insufficiently dispersed particles is appearing in the composite structure. This 
method is not very suitable for nanocomposite preparation then. 

Composite preparation using direct polymerization with presence of the filler was favorable because of its low 
demands of laboratory equipment. It was medium time consuming in comparison with other methods. It also 
produces an average affectivity of dispersion, but the composite structure is strongly porous. In theory good 
results could be reached by combination of both methods mentioned, meaning directly polymerized composite 
is then fabricated by extrusion. 

Ball mill method of filler dispersion in polymer solution provides the highest level of HNT dispersion compared 
with previously discussed composites preparation methods. This method allowed dispersing the filler in 
polymer almost to the level of individual nanotubes. Due to the high time requirement for milling, this method 
of composite preparation remains highly ineffective.  
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Abstract 

For many years the applications of ion track etch materials have increased considerably, like charged particles 
detection, molecular identification with nanopores, ion track filters, magnetic studies with nanowires and so on. 
Over the materials generally used as track detector, the Poly-Allyl-Diglycol Carbonate (PADC), offers many 
advantages, like its nearly 100 % detection efficiency for charged particle, a high resistance to harsh 
environment, the lowest detection threshold, a high abrasion resistance and a low production costs. All of these 
properties have made it particularly attractive material, even if due to its brittleness, obtaining a thin film (less 
than 500 μm) is still a challenge.  

In this work, PADC foils have been exposed to α-particles emitted by a thin radioactive source of 241Am and to 
C ions from the Tandetron 4130 MC accelerator. The latent tracks generated in the polymer have been 
developed using a standard etching procedure in 6.25 NaOH solution. The dependence of the ion tracks’ 
geometry on the ion beam energy and fluence has been evaluated combining the information obtained through 
a semiautomatic computer script that selects the etched ion tracks according to their diameter and mean grey 
value and nanometric resolution images by atomic force microscopy. 

Keywords: PADC polymer, AFM, OM, Image analysis 

1. INTRODUCTION 

In addition to the conventional application of the ion-track polymeric materials in detection of charged particles 
[1] and neutrons [2], the controlled fabrication of nanopores with specific geometries and characteristics have 
opened in the last decades the way to other fields of research and technology, e.g., to biosensors [3], nuclear 
membranes for filtration [4] to templates for nanostructure preparation [5], various industrial applications [6], 
filters for X-rays imaging [7], and so on [8]. 

One of the most important advantages of such a technology is that the shape and density of the etched tracks 
are two independent parameters that can be tuned according to the specific criteria demanded by the 
applications. In fact, several aspects do concur to the development of pores - mainly the irradiation conditions 
and the etching procedure that can be optimized to achieve a certain purpose.  

The majority of the works present now in literature [9,10] is focused on the characterization and application 
of ion tracks in polyethylene terephthalate (PET). This is mainly due to the advantageous properties of PET, 
such as the high stability in acids, biological compatibility, mechanical hardness and high etch ratio. 
Nevertheless, the poly-allyl-diglycol carbonate (PADC) has also unique characteristics, e.g., the highly 
sensitive to ionizing particles [11] that allow to create the track-etch foils for special purpose. In fact, the 
experimental conditions used in this paper, namely the light elements (α, C) with relatively low energy (1 MeV 
- 10 MeV), would not be enough to damage effectively PET and other similar polymers. However, the wide 
utilization of PADC is still limited because of its brittleness that makes the manufacturing of thin foils (with a 
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thickness < 100 μm) a challenge. In this paper are reported first results obtained by study of etched ion tracks 
generated in PADC and measured by a standard optical microscopy (OM) and by an atomic force microscopy 
(AFM). 

2. EXPERIMETAL SETUP  

The PADC sheets, from Page Moudlings (Pershore), of density 1.32 g/cm3 and thickness 750 μm, have been 

cut to a rectangular shape (15 mm × 25 mm).  

The irradiation by α-particles and carbon ions have been carried out at the CANAM infrastructure of the Nuclear 
Physics Institute of CAS in Řež. The irradiations by α-particles have been performed with a thin 241Am 
radioactive source, having a main α-peak cantered at 5.486 MeV. To change the energy of the emitted α-
particles, the pressure inside the vacuum chamber has been varied in the range between 430 mbar and 20 
mbar, allowing to investigate the energy range between 3.5 MeV and 5.5 MeV, respectively. The energy loss 
by α-particles due to the variation of the pressure has been taken into account through the SRIM code. In the 
simulations, the pressure has been modelled by a thin absorbing layer (of air) in front of the PADC sample 
whose thickness (�) is given by the residual pressure inside the chamber (ï\ð) through the equation: 

� = ï\ðïB  � 

where ïB is the pressure for standard operation condition, while � is the distance between the α-source and 
the PADC sample, i.e., 45 mm. For each α-particle energy, the exposition time has been kept constant (20 
minutes) in order to have a constant particles density hitting the surface of the PADC sample, namely  
10� particles/cm2. Conversely, the exposition to carbon ions have been performed along the Ion Microprobe 
beamline (+10°) of the Tandetron 4130 MC. The accelerated ions have been focused and scanned on the 
PADC foil in a surface of 1 mm2 by a focusing quadrupole with 1 μm lateral resolution. This methodology has 
allowed to keep a low ions density on the PADC surface (3 × 10� particles/cm2) in order to reduce the pores 
overlapping. The analysis has been repeated at different ions energy, from 0.9 MeV up to 10 MeV using 3+ 

and 4+ charge ion state.  

Before the exposition of the PADC foils to ion beams, the energy peak and the ion current have been tested 
using a conventional solid state detector (ORTEC Ultra series) connected to a standard spectrometric chain. 
As expected, and confirmed also from the SRIM simulations, the spectra related to α-particles present a 
widening of the energy distribution when the energy decreases. In practice, the lower energies have been 
obtained with the higher pressure values inside the experimental chamber. This makes an increase of the α-
particles straggling that results from their interaction with the residual air molecules. However, the broadening 
of the energy distribution does not affect the measurements with PADC, because even if the FWHM of the 
particles’ energy rises from 38 keV to 83 keV, the difference is still lower than the minimal energy distribution 
that can be observed by the analysis of the etched ion tracks in PADC using the proposed technique. On the 
other hand, the C-ion beam has not showed any significant change of the energy resolution (it remained below 
20 keV).  

After irradiations, all PADC samples have been chemically etched in 6.25 N solution of NaOH. After 2 h etching 
at a constant temperature of 70 ± 2 °C, the samples have been washed in distilled water, dried in air and then 
analysed by Optical Microscopy (OM) and Atomic Force Microscopy (AFM).  

The analysis with OM have been performed using an Optika DM microscope with a CCD camera interfaced 
with a computer through Optika Vision Lite 2.0 software. A modular NTEGRA scanning probe microscope (NT-
MDT Ltd.) has been used for the AFM study. 
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3. RESULTS AND DISCUSSION 

In Figure 1, two typical pictures obtained by OM are depicted. The pictures refer to the PADC foils irradiated 
by 5 MeV α-particles (Figure 1a) and C-ions (Figure 1b). The pores are visible as black circles in the bright 
background. Their regular shape is due to the fact that the ions have hit the PADC foil orthogonally to the 
surface with a divergence in both cases < 5°. Each picture has a resolution of 2048 x 1536 pixel corresponding 
to a sample surface of 237.6 μm × 178.2 μm.  

  

Figure 1 OM pictures of PADC foils irradiated by 5 MeV α-particles (a) and C-ions (b), and evaluation of the 
corresponding mean diameter (c) and (d), respectively  

In order to improve the statistic of the pores (concerning the accuracy of their diameters), the sample surface 
has been scanned by optical microscopy and 20 pictures have been made and analysed for each sample. The 
pores identification has been done through an automatic script written under ImageJ environment. The 
selection rules of pores have been included in the script in order to select pores based on the size and shape 
to limit the presence of artefacts in the data analysis. These artefacts are due to several aspects, such as the 
overlapping of two or more pores or to a local damage of the polymer. From the counting of the total number 
of pores a mean density of 2.126 × 10� particles/cm2 and 1.653 × 10� particles/cm2 has been evaluated for α-
particles and C-ions, respectively. These values are in good agreement with the ion fluences expected from 
the imposed experimental conditions, testifying the good efficiency of the method. Finally, standard software 
for the data analysis has been used to collect data from the different pictures and the pores have been 
classified based on area, mean gray value, major and minor axis length, position of centers, and so on. An 
example is depicted in the Figure1c and Figure 1d that show the evaluation of the mean diameter of pores 
for the samples irradiated by 5 MeV α-particles and 5 MeV C-ions, respectively. From the Gaussian fit of these 
data, a mean diameter of 3.58 ± 0.20 μm has been evaluated for 5 MeV α-particles, while for 5 MeV C-ions 
the mean diameter is 7.64 ± 0.11 μm.  

Another significant example is depicted in Figure 2, showing how it is possible to distinguish in the same foil 
the pores generated by α-particles with different energies. For this purpose, a PADC foil has been irradiated 
twice with α-particles of 1.01 MeV and 5.48 MeV. The difference in energy determines the difference in 
conformation in the developed pores. In fact, the higher energy results in a mean diameter of 3.73 ± 0.19 μm, 
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while the lower energy produces pores with a mean diameter of 4.87 ± 0.25 μm. The pores also differ in the 
gray tonality (clear and dark) that reflects the different depth of the etched tracks. This aspect becomes clearer 
when the pore’s diameter is given as a function of its mean gray value, as it is showed in Figure 2b. In this 
picture, at least two different regions can be distinguished: the first one is placed in the lower left corner that 
means a darker gray tonality, and it is related to the 5.48 MeV α-particles; the second area, caused by the 1.01 
MeV α-particles, is positioned in the central part of the graph and has an elongate shape due to the higher 
broadening in the diameter distribution.  

 

Figure 2 OM picture of a PADC sample irradiated by 1.01 MeV and 5.48 MeV α-particles, and diameter vs 
mean gray value of the detected pores  

Following the guidelines of the OM results on the possible distribution in pores ‘diameter vs. energy’, a detailed 
analysis of the single pores has been performed through AFM. Figure 3a shows the AFM picture of one of the 
pores of the sample already shown in Figure 1a. 

  

Figure 3 AFM pictures of a single pore in a PADC sample irradiated by 5 MeV α-particles a) and C-ions d), 
their corresponding profile analysis b) and e), and their 3D reconstructions c) and f), respectively  
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The profiling analysis of such a pore, Figure 3b, reveals a depth of 1.655 μm and confirms a diameter of  
3.61 μm. The 3D reconstruction of this pore, given in Figure 3c, shows its conical shape. For comparison, also 
a pore generated by 5 MeV C-ions has been studied and the corresponding results are depicted in  
Figures 3d-f. In this case the pore has both a higher depth (3.49 μm) and a greater diameter (7.61 μm) with 
respect to the previous case. The same chemical etching has been done for both samples, so as expected, 
also in this case the pore has a conical shape, as it is showed in its 3D reconstruction in Figure 3f.  

Combining the results carried out from OM and AFM, finally, the graphs in Figure 4 can be obtained. Here, 
the dependence of the pore diameter on the particles’ energy (Figure 4a) and the depth of the pores  
(Figure 4b) is showed. The higher energy loss of the C ions leads to a higher damage of the polymers, and 
this determines their faster etching rate. For this reason, at the same energy, pores related to C ions (square) 
have a bigger diameter and a greater depth than α-particles (circle). 

 
Figure 4 Dependence of the diameter and depth of the pores on energy of the α-particle (circle)  

and C-ions (square) 

 

Figure 5 Energy loss for α-particles and C energy with an energy of 1 MeV, 3 MeV and 5 MeV 

It should be also noted that both pictures show different trends. In the case of α-particles the mean diameter 
decreases quickly with the reduction of the energy, but in the case of C-ions the reduction occurs slowly. 
Concerning the ‘depth vs energy’ dependence, the trend is totally different: when the energy increases, the 
pores become more/less deep in the case of C-ions/α-particles, respectively. Again, the reason of such 
behaviour is in the different energy loss and particles’ range of the two ion species inside the PADC material. 
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As can been seen in Figure 5, α-particles have a higher range in PADC than C-ions. Consequently, α-particles 
lose their energy in a wider region of the sample and the Bragg peak is shifted into a deeper point of the PADC 
sample. For example, the range of 3 MeV α-particles in PADC, evaluated by SRIM simulation, is 18.5 μm, 
while for C-ions it is 5.62 μm. Considering a track etching rate of 3.5 μm/h [12], after 2 h etching the PADC 
foils has been etched 7 μm along the ion track path (vertical dashed line of Figure 5).  

This means that the whole region, involved in the energy loss of C ions, can be etched out, while for  
α-particles the etching has not been enough to reach the Bragg peak. If the energy of the particles increases 
(e.g., 5 MeV) the situation for the α-particles is even worse, because the particle range becomes higher (38.2 
μm) and the energy lost in the etched foil is lower. On the other hand, almost all the energy loss by the Carbon 
ions is included in the 7 μm etched region.  

4. CONCLUSION  

Encouraged by the unique properties of PADC, the characterization of the pores, etched ion tracks generated 
by the exposition of this plastic material to two ion species (α-particles and C ions), has been presented in the 
paper. The study has taken an advantage from the combination of OM and AFM study of the etched foils. 
Using the first technique, a large surface of the sample has been analysed. This 2D analysis has allowed to 
determine the ‘diameter vs energy’ dependence. The latter has been used to perform the 3D AFM analysis 
of single pores. In such a way, a general trend has been deduced to describe also the ‘depth vs energy’ 
dependence. OM has also permitted to distinguish between pores generated by the same type of ion (α-
particles), but with two different energies (1.01 MeV and 5.48 MeV). For this purpose, the inspected pores 
have been classified according to the diameter and their mean gray value. The obtained data have clearly 
showed that the pores can be divided into distinct areas specific to given energy of ions. It should be noted 
that the analysis described in this paper represents a mandatory step before the introduction of PADC material 
to ion track-etch applications. The paper presents only preliminary results that however will be improved in the 
next planned experiments that will be performed using different ions (fission fragments, backscattered ions, 
results of nuclear reactions induced by thermal neutrons), and also with different etching parameters. 
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Abstract 

Two Prussian blue (PB) samples with different morphologies (spheres, mean size 160 nm; cubes, mean size 
1.48 μm) and variable content of potassium (K-free and K-bearing) were used as a precursor material for the 
preparation of iron(III) oxides by solid state thermal decomposition method. A mixture of iron(III) oxide 
polymorphs (α-Fe2O3, β-Fe2O3, and γ-Fe2O3 nanoparticles) or pure maghemite (γ-Fe2O3 nanoparticles) were 
obtained by thermal decomposition of the cubic (K-bearing) or spherical (K-free) PB particles, respectively, at 
350 °C in air. The particle’s morphology of the starting material (i.e. PB) was mostly retained after the thermal 
decomposition. The PB samples and the as-formed iron(III) oxides were characterized by using X-ray powder 
diffraction (XRD), 57Fe Mössbauer spectroscopy, and scanning electron microscopy (SEM). A high amount (50 
wt%) of β-Fe2O3 polymorph was produced when K-bearing PB was used, simultaneously cubic clusters 
of maghemite were formed. A single phase (maghemite) clustered nanoparticles with spherical morphology 
were obtained when we used a K-free PB. The maghemite nanoparticles (4 nm) have proven to be 
superparamagnetic.  

Keywords: Thermal decomposition, Prussian blue, iron oxides 

1. INTRODUCTION  

The control of size and morphology has been one of the main goals in the synthesis of nanoparticles. A 
variation of size and shape of nanoparticles leads to different optical, thermal, electrical, magnetic, and even 
catalytic properties of the materials [1,2]. Nanoparticles with defined shapes are usually synthesized by 
colloidal or thermal decomposition methods [1], using a suitable surfactant [3] or ultrasound during the 
synthesis [4]. It is also known that particle size have a direct effect on the decomposition temperature [1,5], 
also the morphology of particles might have a similar effect.  

Iron(II) hexacyanoferrate (Fe4+3[Fe2+(CN)6]3∙xH2O), also known as Prussian blue (PB) has been used as a 
precursor for iron oxides, prepared via solid state decomposition approach [6-8]. PB with different sizes and 
morphologies were used in those studies, including hollow particles [9], where in most of the cases the 
morphology and size of the precursor was maintained after the formation of iron oxides [8,9]. Generally, 
particles size [6] of a precursor and even the thickness of a layer [10] on the crucible affects the temperature 
of thermal decomposition and phase composition of iron oxide products as well. Another factor, which might 
influence the thermal behavior of the material and the formation of thermal decomposition products, is the 
particle’s morphology of the precursor. The goal of the present work is to prepare iron oxides from Prussian 
blue, with emphasis on the influence of particle morphology on thermal decomposition of PB, and how it affects 
the shape of the resulting iron oxide particles.   
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2. MATERIALS AND METHODS 

2.1. Synthesis of Prussian blue (PB) 

Spherical particles of PB were prepared using the synthesis described by Shen et al. [3]. Polyvinylpyrrolidone 
(7.5 g, PVP, K-30, Mw = 40 000, Fluka) was dissolved in hydrochloric acid (100 ml, HCl, 0.01 M). Then, 
potassium hexacyanoferrate(III) (225 mg, K3[Fe(CN)6], Lachema) was slowly added to the former solution 
under stirring. The resultant solution was refluxed at 80 °C for 2 hours, and afterwards centrifuged. The bright 
blue precipitate was dried in vacuum for 20 h, then powdered and labeled as PB-S. 

Cubic particles of PB were synthesized using a sonochemical synthesis described by Wu et al. [4]. Potassium 
hexacyanoferrate(II) (423 mg, K4[Fe(CN)3]·3H2O, Penta) was dissolved in hydrochloric acid (100 ml, HCl, 0.1 
M). Then, the solution was immersed in an ultrasound bath at 40 °C for 4 hours. After that, the cooled solution 
was centrifuged. The dark blue precipitate was dried in air, powdered and labeled as PB-C. 

2.2. Preparation of Iron(III) Oxides  

The samples PB-S and PB-C (26 mg) were heated in a muffle furnace (Linn Hightherm Gmbh LM 112.07) from 
room temperature up to 350 °C in air (heating rate 5 °C/min); and then kept at 350 °C for 1 hour. The samples 
PB-C and PB-S, initially blue, changed color after heating to reddish brown color and dark brown color, 
respectively. The samples obtained after the heating were labeled as PBC350 and PBS350.  

2.3. Samples Characterization 

Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed 
on PB-C and PB-S samples (10 mg of sample in an open alumina crucible) in air from 35 °C to 900 °C (heating 
rate 5 °C/min). The equipment used was a thermal analyzer STA 449 C Jupiter from Netzsch. After heating, 
samples were cooling down to room temperature under nitrogen.  

X-ray powder diffraction (XRD) patterns were recorded with a PANalytical X’Pert PRO MPD diffractometer 
(Co-Kα radiation) in Bragg-Brentano geometry, equipped with an X’Celerator detector and programmable 
divergence and diffracted beam anti-scatter slits. Phase identification and Rietveld refinement were performed 
using the HighScore Plus software (PANalytical) in conjunction with PDF-4+ and ICSD databases. 

Transmission 57Fe Mössbauer spectroscopy was carried out in a constant acceleration mode using a 57Co(Rh) 
source at room temperature (RT) and low temperatures (20 and 5 K). Spectra were folded and fitted using 
CONFIT2000 and Mosswinn software; the spectrometer was calibrated with a metallic α-iron foil. 

Scanning electron microscopy (SEM) images of samples were obtained using a scanning electron microscope 
Hitachi SU-6600, with 5 kV and 15 kV setting. Complementary, energy dispersive X-ray analysis (EDS) was 
carried out as well on samples PB-C and PB-S. 

3. RESULTS AND DISCUSSION 

3.1. Prussian blue: Cubic and Spherical Shapes 

XRD patterns and Mössbauer spectra confirm the presence of Prussian blue in both PB-S and PB-C samples 
(Figure 1a, 1b). From Mössbauer spectroscopy, the ratio Fe2+/Fe3+ for samples PB-C (0.73) and PB-S (0.74) 
are very close to value 0.75 for stoichiometric Prussian blue. From SEM images (Figure 1c) is observed that 
particle sizes follow a normal distribution, with average sizes of 1.48 μm for cubic particles (PB-C) and 160 nm 
for spherical particles (PB-S). Moreover, EDS results (Figure 1d) show that both samples contain potassium 
in addition to the expected Fe, C, and N (N is overlapped by C contribution). PB-S sample contains only a 
negligible amount of K, where PB-C has a considerable amount of potassium.  
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Figure 1 XRD patterns (a), RT Mössbauer spectra (b), SEM images (c), and EDS spectra  
(d) of cubic (PB-C) and spherical (PB-S) particles of Prussian blue.  

3.2. Iron Oxide Formation after Heating of PB in Air 

Above 250 °C, PB starts to decompose in air and the decomposition finishes after the total release of crystal 
water and cyanide groups from the lattice. There are visible differences in the TGA/DSC curves (Figure 2) for 
PB-S and PB-S. To explain the differences in thermal decomposition of PB, two structural models are used:  

a) PB of spherical shape and without K in sample PB-S, Fe4[Fe(CN)6]3∙xH2O (space group Pm3m) with 
non-random distribution of vacancies [12]; 

b) PB of cubic shape and containing K in sample PB-C, Fe4[Fe(CN)6]3·[K+h·OH−h·mH2O] (space group 
Fm3m), in this model we have coordinated water in a lattice with random vacancies of [Fe2+(CN)6]- 
units [11]. 

 

Figure 2 TG (a) and DSC (b) curves for PB-S (solid line) and PB-C (dashed line) samples. A detailed view 
of DSC curves (c), where the arrows represent endothermic (↓) and exothermic (↑) effects.  

The differences in total mass loss (Figure 2a), for PB-S (-51.7 %) and PB-C (-40.6 %) are due to the different 
amount of water in the samples (9.5 in PB-S and 4.6 in PB-C) and the K presence in PB-C sample, where is 
expected the formation of KOCN and KNO3 in addition to iron(III) oxides. Further heating above  
400 °C leads to formation of hematite and potassium ferrite (KFe11O17), potassium ferrite was formed by the 
reaction between KNO3 and Fe2O3. The position of exothermic peak on DSC curve (Figure 2b) is different for 
spherical particles (269 °C) in comparison with cubic particles (334 °C). Such a difference was observed 
previously by other authors in DSC curves of PB samples (K-free and K-bearing) with similar particles size  
(60 - 80 nm), where the main exothermal effect was reported at 260 °C for K-free PB and 278 °C for K-bearing 
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PB [12]. However, TGA performed on PB with bigger particles (150 - 200 nm) gave an exothermal effect slightly 
below 300 °C [7].  

The proposed decomposition mechanisms are restricted only up to 400 °C (right after PB decomposition). 
Using the first model for PB-S, the equation (1) could explain the PB decomposition with the theoretical mass 
loss of 45.7 %, value just slightly smaller than the experimental one (48.6 %).  

OH9.5(CN)9OFe3.5O5.25  OH9.5][Fe(CN)Fe 223222364 ++→+⋅        (1) 

After PB-C dehydration and release of cyanogen gas at 330 °C, iron(III) oxides and potassium cyanate (KOCN) 
are formed. In TG curve, between 335 and 400 °C (Figure 2a), the increment in mass (+1.5 %) accompanied 
by a small exothermal effect at 360 °C (Figure 2c) is explained by the decomposition of KOCN into KNO3 and 
CO2. Equation (2) summarizes the PB-C decomposition mechanism, where experimental (31.9 %) and 
theoretical (32.0 %) mass loss agree very well. 

222

33222

-

1.31.3364

CO1.3  OH5.25(CN)8.35...

...KNO3.1OFe3.5O.1758 OH4.6OHK][Fe(CN)Fe

+++

++→+⋅⋅ +

      (2) 

3.3. Phase Composition and Morphology of the Iron(III) Oxide Samples 

Despite the identical thermal treatment, the samples PBC350 and PBS350 differ significantly in phase 
composition. Sample PBC350 contained hematite (12 wt%), maghemite (38 wt%) and β-Fe2O3 (50 wt%), 
while only maghemite was found in sample PBS350 (Figure 3a, 3b). The RT Mössbauer spectra of samples 
PBC350 and PBS350 (Figure 3c, 3d) are similar; the Mössbauer parameters for both samples are listed in 
Table 1. In sample PBC350, the values of sub-spectral areas reveal that the dominant phase is β-Fe2O3 
(58.7 %), followed by maghemite (34.2 %), and hematite (7.2 %). 

 

Figure 3 XRD patterns of the samples PBC350 (a) and PBS350 (b).  
Mössbauer spectra for samples PBC350 (c, e) and PBS350 (d, f). 

Low temperature Mössbauer spectra confirmed the presence of maghemite in both samples (Figures 3e, 3f). 
The ratio of ferric ions in O and T sites ([Fe3+]O/[Fe3+]T), in Mössbauer spectrum of PBS350 (Figure 3f), was 
determined as 1.67, which correspond to stoichiometric maghemite with vacancies only in octahedral sites. 
Using the relationship θc = arcsin[sqrt(6r/(4+3r))]  (where: r = A2,5/A1,6; Ai,j line intensity of line i or j of a sextet) 
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it was calculated the canting angle of spins for each sub-lattice of maghemite: θc,A = 44.6° (tetrahedral site) 
and θc,B = 59.0° (octahedral site) [13].  

Table 1 Mössbauer parameters of samples PBC350 and PBS350. IS: isomer shift (± 0.01), QS: quadrupole  
  splitting or quadrupole shift (± 0.01), W: line width (± 0.01), Bhf: magnetic hyperfine field or effective  
  magnetic fielda (± 0.1), Area (± 1.0), SP: superparamagnetism, WF: weak-ferromagnetism.  

Sample T (K) Phase IS (mm/s) QS (mm/s) W (mm/s) Bhf (T) Area (%) 

PBC350 298 β-Fe2O3 b 

β-Fe2O3 d 

γ-Fe2O3 SP 

α-Fe2O3 WF 

0.35 

0.37 

0.35 

0.37 

0.90 

0.70 

0.65 

-0.20 

0.41 

0.41 

0.75 

0.25 

- 

- 

- 

51.4 

15 

44 

34 

7 

PBS350 298 γ-Fe2O3 SP 0.35 0.77 0.59 - 100 

PBC350 20 β-Fe2O3 b 

β-Fe2O3 d 

α-Fe2O3 WF 

γ-Fe2O3 

0.51 

0.48 

0.50 

0.44 

0.64 

0.07 

-0.20 

-0.05 

0.53 

0.53 

0.41 

0.48 

51.5 

48.2 

52.8 

50.8 

13 

39 

13 

35 

PBS350 5 

(5 T) 

γ-Fe2O3 O 

γ-Fe2O3 T 

0.47 

0.40 

0.00 

0.00 

0.91 

0.89 

48.3a 

52.6a 

62.5 

37.5 

The morphology of the iron(III) oxide samples vary depending on the PB precursor morphology, as can be 
observed from SEM images (Figure 4). When the particles of PB are spherical, the maghemite form spherical 
clusters (Figure 4a) with a smaller size than the PB-S precursor (116 nm). In the case of cubic PB particles, 
the maghemite forms cubic clusters with similar sizes as the PB-C precursor particles (Figure 4b). The 
preservation of the morphology during thermal transformation was addressed in previous works [7-9]. 
Maghemite clusters - cubic and spherical - are formed by small nanoparticles (4 nm, based on XRD). Because 
of their reduced sizes, each particle behaves as a single magnetic domain, and at room temperature they 
exhibit superparamagnetism, as confirmed by Mössbauer spectroscopy.  

The β-Fe2O3 particles in PBC350, have a mean size of 70 nm (Figure 4c), similar to the estimated crystallite 
size (68 nm) from XRD. The β-Fe2O3 particles grow on the cubic cluster surfaces where the surface energy 
permits the polymorph transformation from γ- to β- ferric oxide.  

 

Figure 4 SEM images of the samples PBS350 (a) and PBC350 (b, c) showing the clusters of γ-Fe2O3  
(b) and β-Fe2O3 nanoparticles (c) 

4. CONCLUSION 

The Prussian blue with two different morphologies (cubic and spherical) decomposes above 250 °C in air. At 
the beginning of the thermal decomposition of both PB samples (with and without K), after the initial 
dehydration and release of CN- units, amorphous iron oxides are first formed, afterwards when the temperature 
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increases above 350 °C the amorphous iron oxides crystallize into γ-Fe2O3 or  a  mixture of α-Fe2O3, β-
Fe2O3,and γ-Fe2O3 polymorphs. The maghemite (γ-Fe2O3) is in the form of clusters-forming nanoparticles (4 
nm) retaining the original shape of the original precursor. Both maghemite clusters behave as 
superparamagnets at room temperature, making then interesting for potential applications. Finally, the 
differences in the TG and DSC curves for PB-C and PB-S are more likely due to a combined effect of the 
presence of potassium and particle sizes and not because of the particle’s morphology. 
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Abstract 

Sub-nanosecond electrical breakdown in dielectric liquids is of vital interest for applications, e.g. in high-voltage 
insulation, high-current switching and electric field-cell interactions. Liquid dielectrics in strong nonuniform 
electric fields are under influence of electrostrictive force that tends to move the fluid into the regions with 
higher electric field. If the voltage rise is fast enough(nanoseconds), the liquid does not have enough time to 
be set into motion in order to reduce the internal stress. In this case the electrostrictive force induces significant 
stress in the bulk of the liquid which is manifested as a negative pressure. At certain threshold, the negative 
pressure causes cavitation ruptures of the fluid. Subsequently, free electrons can be produced by emission 
from the surface inside the cavity and accelerated to energies exceeding the energy for ionization of water and 
thus, contribute to electrical breakdown of water. 

We present numerical model, which gives us basic ingredients necessary to study interaction of accelerated 
electrons with liquid water during sub-nanosecond electrical breakdown. We aim to determine geometrical 
conditions in electrode vicinity needed for electron multiplication and subsequent build up of space charge, for 
which we propose to use Monte Carlo software Geant4-DNA. Using of proper simulation techniques could 
enable us to explain some experimentally observed properties of sub-nanosecond electrical breakdown in 
liquid water.  

Keywords: Liquid water, sub-nanosecond electrical breakdown, cavitation, negative pressure, Geant4-DNA 

1. INTRODUCTION 

While electrical breakdown in gases seems to be already well explained [1], the challenge stays to set light 
to electrical breakdown in dielectric fluids such as deionized water. The breakdown in liquids depends on the 
rise time of the applied high voltage pulse and for „long“ high-voltage pulse (~0.1 - 100 μs) occurs through 
gas bubbles. In this case it is not very different from the usual electrical breakdown in gases, and it has been 
well studied [2]. Gas bubbles creation in sub-nanoseconds is impossible, since the Joule heating has not 
enough time to provide energy for evaporation and the expansion of the bubbles, as was pointed out in [3]. 
Experiments [4, 5, 6, 7] performed in liquid water in presence of nanosecond voltage in a point to plane 
geometry have measured formation of streamer-like branching and were able to associate characteristic 
emission spectra with the most important phases of the discharge. The emission spectra showed a broad-
band continuum evolving during the first expansion of the discharge and collapse, followed by H/O atomic 
lines occurring together with continuum emission during the second expansion and collapse [4]. Detailed 
study of discharge emission dynamics has been performed by [7].  

The following text will be devoted to liquid water breakdown with nanosecond rise time, which can be used 
for wide range of applications, e.g. in high-voltage insulation, high-current switching [8] and sub-nanosecond 
electric pulse - cell interactions [9]. 
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2. MOTIVATION 

Nowadays, accepted scenario of nanosecond electrical breakdown in dielectric liquids was described by [3] 
and consists of the following steps (see Figure 1): 

1) At the beginning, the strong inhomogeneous electric field in the vicinity of the needle electrode creates 
a region saturated by cavitation nanopores. 

2) In the nanopores of sufficient sizes, the primary electrons are accelerated by electric field to energies 
exceeding the ionization potential of water molecule.  

3) Many ionization collisions form electron avalanche and build-up of space charge. 
4) After neutralization of electrons at the electrode, positive charged liquid forms a virtual needle 

electrode, and electrostrictive conditions for the appearance of the next set of nanocavities are 
fulfilled.  

 

Figure 1 Accepted scenario of nanosecond electrical breakdown in dielectric liquids 

The aim of our work is to formulate and develop complex numerical model to study nanosecond electrical 
breakdown in deionized liquid water. We believe that the model could explain experimentally observed features 
of the phenomenon such as spatio-temporal characteristics of the discharge and emission spectra. Presented 
model can be divided into three main stages(submodels): 

A) Model of dielectric liquid under influence of electrostrictive forces. 
B) Model of cavitation ruptures grow. 
C) Model of electron interaction with liquid water containing nanopores. 

3. RESULTS 

Each of the previous submodels has different spatio-temporal scale and thus requires different physical 
approach. In what follows, we give short description of each of the submodels (A-C).  

3.1. Model of dielectric liquid under influence of electrostrictive forces 

Liquid dielectric in strong inhomogeneous electric field is under influence of electrostrictive force, which can 
cause negative pressure acting on the fluid and initiate discontinuity in the fluid. Experimental data show that 
the critical negative pressure for water rupture and start of nanometer size cavitation is about 30 MPa. 

We have developed hydrodynamic model to study the dynamics of water in a pulsed strongly inhomogeneous 
electric field in the approximation of compressible flow described by equation of continuity for mass and 
momentum [10,11]. The hydrodynamic model allows us to find time dependence for pressure and velocity in 
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the liquid for given electrode radius and voltage pulse. In the Figure 2 we present results of our hydrodynamic 
model for electrode radius 100 μm and voltage amplitude 54 kV. We have pointed out that in case of long rise 
time of voltage pulse(left part of the Figure 2), the hydrodynamic pressure compensates the electrostrictive 
pressure and the total pressure (red curve) does not exceed critical negative pressure for the water rupture. 
When we shorten rise time up to few nanoseconds(right part of the Figure 2), electrostrictive pressure prevails 
the hydrodynamic and the total pressure exceeds the critical pressure, which is necessary for start 
of nanometer-size cavitation. This model enables us to identify conditions favourable for nanocavitation 
generation [12]. 

 

Figure 2 Hydrostatic pressure P, electrostrictive pressure PE, total pressure Ptot, and velocity of fluid u as a 
function of distance from the electrode at: t0 = 100 ns (on the left), t0 = 3 ns (on the right). Horizontal line 

indicates critical pressure Pcr = −30 MPa. Negative values of the velocity corresponds to the motion of the 
fluid towards the electrode. 

3.2. MODEL OF CAVITATION RUPTURES GROW 

The previous model confirmed existence of nanopores in the presence of very steep high voltage pulse. Model 
of cavitation ruptures grow presented in this section aims to reveal grow of these nanocavities. Forces 
averaged over the surface of the nanocavity give rise to pressure which consists of electrostrictive pressure, 
surface tension and hydrodynamics pressure: 

 

Nanocavities will collapse if the pressure is negative, on the other hand they will expand if the pressure is 
positive. Dynamics of the expanding nanocavity is driven by the balance for the kinetic energy of expanding 
fluid and by the work of pressure forces [4, 13]. Radius of the microcavity as a function of time can be described 
by the following equation: 

 

Solution of this equation allows us to find time dependence of cavity radius at the end of the pulse rise time 
and determine energy that electron gains inside the cavity. This is important, in order to identify volume in the 
vicinity of the electrode where ionization of water is possible [3]. To illustrate this, we present Figure 3 with a 
numerical solution of the previous equation for these parameters: electrode radius (r0= 100 μm), water 
permittivity (ε = 81), α = 1.5, voltage pulse amplitude (U0 = 54 kV), rise time (t0 = 3 ns), water surface tension 
(σ = 0.072N/m)  and iniatial nanocavity radius (R0 = 2 nm).   
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(a) Radius of expanded micropore as a function 
of distance from the electrode at the end of the 

voltage rise time. Vertical line separates regions 
where ionization of water is and is not possible. 

(b) Energy gained by an electron when crossing a 
cavity as a function of distance from the electrode 

at the end of the voltage rise time. 

Figure 3 Development of nanopores in inhomogeneous pulsed electric field 

3.3. MODEL OF ELECTRON INTERACTION WITH LIQUID WATER CONTAINING NANOPORES 

Having geometrical parameters (ionization region and cavity radius as a function of distance from electrode) 
enables us to investigate electron propagation on the nanoscopic scale. For this reason we decided to use 
Geant4 toolkit (GEometry ANd Tracking) [15,16]. Geant4 is a toolkit for the simulation of the passage 
of particles through matter and it is developed since 1994. Its areas of application include high energy, nuclear 
and accelerator physics, as well as studies in medical and space science. Recent release contains a new set 
of physics models - Geant4-DNA extension for modelling of low-energy electron transport in liquid water (for 
energies lower than 10keV) [15,16].  

 

Figure 4 Electron avalanche on the set of nanocavity/liquid layers simulated using Geant4-DNA 
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Within Geant4-DNA we had to define: geometry as a set of liquid/nanocavity layers, source of primary 
electrons, electric field based on applied electric pulse and finally, we chose physical models (processes and 
cross sections). We are able to simulate development of electron avalanche originating from one seed electron 
accelerated on the set of layers composed from cavities and liquid-water layers as it is shown in the Figure 4. 
It seems that the main source of electron energy loss comes from vibrational excitations of water molecules. 
Geant4-DNA gives us way how to compute electron energy distribution function after avalanche formation, 
with which is connected light emission during the sub-nanosecond electrical breakdown.  

4. OPEN PROBLEMS AND CONCLUSION 

Within the conclusion we should mention some open problems which we have to face: Implementation 
of scattering distribution for vibrational excitations of electron on water molecule in Geant4-DNA is still missing 
and the collision has currently only forward scattering. Further, we should try to answer questions as: What is 
the origin of primary electrons during the electric breakdown? and What exactly happens after electron 
avalanche formation? With the aim to quantitatively describe build-up of space charge after the electron 
avalanche formation.  

Fluid dynamics with electrostrictive forces(model A), nanopore-grow model(model B) and Geant4-DNA Monte 
Carlo code with appropriate processes and cross sections(model C) could enable us to describe whole 
scenario of the electrical breakdown in liquid water. The presented conjunction of models gives us basic tools 
necessary to study sub-nanosecond electrical breakdown in liquid water. Microscopic view on the electron 
population could help us to explain experimentally observed emission spectra.  
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Abstract 

Humic substances represent a wide range of organic compounds generated by gradual decomposition of plant 
residues and dead organisms in our ecosystems. They are among the most widespread compounds in the 
world that contain a huge amount of carbon in its structure.  Is contains a lot of functional groups and mainly 
carboxyl -COOH group. We decided to use humic acid methylation to investigate the effect of the carboxyl 
group on our experiments. 

Humic substances are able to bind various pollutants from Industrial production, agriculture and other human 
activities (like heavy metals, pesticides, herbicides, dyes, etc.). The interaction possibilities can be different: 
ion exchange, hydrogen bridge formation, coulombic interactions, hydrogen bridges, van der Waals 
interactions, hydrophobic interactions, absorption, etc. 

The purpose of this work is to measure the decrease of selected initial concentrations of the selected organic 
dye probe (methylene blue) with a sample of lignitic humic acid and a methylated sample of that humic acid. 
The obtained humic acid sample will undergo a desorption experiment under the same time conditions. The 
output of the work will also monitor the ratio between the amount of adsorbed and desorbed methylene blue.  

The results can provide more details about the stability dye-humic complexes and the mobility of dye in 
systems containing humic substances. 

Keywords: Humic substances, humic acid, methylation, methylated humic acid, adsorption, desorption 

1. INTRODUCTION 

As was mentioned, humic acid represents a huge group of carbon contained compounds, which can be find 
all over the world (water, soil, air). Their structure isn’t universal, but it changing with a place of finding and 
with an origin of the sample. Generally it is a supramolecular structure which contains a huge amount of carbon 
in its structure. It contains as well wide range of functional groups (carboxyl, phenolic, alcohol, ether, nitrogen, 
etc.) [1]. 

In nature humic acids are able to bind various substances from soil - we call this effect soil self-cleaning. It can 
interact with some herbicides, pesticides, heavy metals, organic dyes, medicines, etc. An adsorption 
experiments to humic acids can be found in some previous work. The adsorption of methylene blue dye on the 
pillared clay with immobilized humic acid is 2.6 times more effective, then the pillared clay without humic acid. 
The maximum dye adsorption on pillared clay with immobilized humic acid was observed at a pH of 5.0-7.0 (it 
was 95.2 - 99.2 %) [2].  

The removal of methylene blue from aqueous solution by peat (with humic substances) was analyzed. Various 
initial concentrations of methylene blue and temperature were monitored. The absolute amount of adsorbed 
methylene blue increased with a higher initial dye concentration and rising temperature. It was described as 
endothermic reaction in which the methylene blue diffuses into the pores after saturation of the outer bonding 
sites [3]. 

Humic acid-coated Fe3O4 nanoparticles as magnetic adsorbents were use. Nanoparticles possessed much 
higher adsorbed amount of humic acid than Fe3O4 nanoparticles and humic acid powder. The time when 50 % 
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of the methylene blue was adsorbed was 7 min and maximum adsorbed amount of methylene blue was 
0.291 mmol/g. [4] 

We decided to use humic acid methylation to investigate the effect of the carboxyl group on our experiments. 
By methylation, the carboxyl groups are blocked and interactions with pollutants are avoided at these active 
sites. Then it is possible to distinguish them from the other comparisons with humic acids without modification. 
Diffusions experiments with humic, methylated humic acid and methylene blue with methylene blue bring us 
inspiration. [5], [6], [7], [8].  

For comparison of successful adsorption we done desorption experiments as well. 

2. EXPERIMENTAL PART 

Our humic acids sample was prepared by extraction from finely granulated South Moravian lignite (Mikulčice, 
Czech Republic). 60 g of lignite was mixed with 1 dm3 of concentrated 0.1 M HCl, the suspension was left for 1 
hour on the shaker. The decalcified lignite was washed with sufficient distilled water to remove chloride ions. 
Prepared suspension of lignite was transferred to a plastic container with extraction agent (0.1M sodium 
hydroxide and 0.1M anhydrous pyrophosphate). The bottle with the extraction agent was left on the shaker for 
12 hours.  

The suspension was centrifuged and the supernatant (solution of humic acid) was filtered, this filtrate was 
acidified with hydrochloric acid up to a pH = 2. After two hours, all humic acid had been precipitated, then 
centrifuged from solution. Solid part (humic acids) were placed into dialysis membrane (MWCO: 3,500; 
Spectra/Por®, Spectrum laboratories, Inc.) and were immersed in distilled water. The distilled water was 
regularly replaced with a test for the presence of chloride ions (with AgNO3), after 10 time change it was 
lyophilized (Virtis benchtop K (Bio Trade s.r.o). 

Half of the sample of prepared humic acid was subjected to selective methylation. For 1 g of humic acids were 
added with 4 cm3 of chloroform and 2 cm3 of methanol. Subsequently, 4 cm3 of a 2M solution of trimethylsilyl 
diazomethane in hexane (TMS-DM) was added. The mixture was stirred for 2 hours on a mixer in the hood. 
An additional 0.75 cm3 TMS-N21 was added after. It was necessary to evaporate the unreacted reagent, the 
samples were dried overnight in the digester at room temperature. 

From the modified acids obtained, it was necessary to evaporate the unreacted reagent. The samples were 
dried overnight in the digester at room temperature. The picture of obtain humic acid and methylated humic 
acid can be seen at Figure 1. 

 

Figure 1 Picture of color differences (left - humic acid, right - methylated humic acid) 

Extracted humic acid and selectively methyleneic acid was subjected to analysis of the FTIR Nicolet iS50 
spectrophotometer using the ATR method to determine the spectrum of humic acids and to verify the 
successful methylation of the prepared sample of methylated humic acids. 

For adsorb experiments we used 100 mg of humic acid (HK) and methylated humic acid (mHK), each dissolved 
in 20 mL of methylene blue of different concentration. The overview of inicial methylen bule concentrations 
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used for is shown in Table 1. The diferences in absorbance were meassured on spektrofotomeher UV-VIS 
HITACHI U-3900H, up to 288 hours. 

Table 1 Initial methylene blue dye concentration used for adsorption experiments 

100 mg humic acid  with methylen blue 0.1 g/L 0.075 g/L 0.05 g/L 0.025 g/L 0.01 g/L 

100 mg methylate humic acid with methylen blue 0.1 g/L 0.075 g/L 0.05 g/L 0.025 g/L 0.01 g/L 

After 288 hours, the experiment was stopped. The solid fraction of humic acid/methylated humic acid with 
adsorbed methylene blue was centrifuged and dryed on the petri dish at room temperature. Then we done 
desorption expetiments. 10 of obtained samples were desolved each in 10 mL of destilated water. It was 
observed as well for 288 hours to obtain information about amout of desorbet methylen blue dye. All 
experiment were realised on laboratory temperature with magnetic stirrer (250 rpm) in vial flask. Picure 
of dryed samples after adsorption, can be seen on Figure 2. 

 

Figure 2 Prepared samples of humic acids after adsorption of methylene blue 

3. RESULTS AND DISSCUSION 

 

Figure 3 FTIR spectrum -humid acids (blue curve), methylated humic acid (red curve) 

Due to FT-IR spectroscopy was confirmed successful methylation of prepared methylated humic acid. On the 
FT-IR spectra (Figure 3) it can be seen, the methylation of functional groups resulted in changes of FT-IR 
spectra characteristic for esters. The intensity of the broad peak at around 3500 cm−1 was decreased by 
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methylation and the shallow band at 2580 cm−1 was completely absent. The absorption band corresponding 
to C=O stretching was shifted to higher wavenumbers after methylation (from ∼1720 cm−1 to ∼1735 cm−1) and 
its intensity was increased. The observed changes in spectra caused by methylation corresponded with results 
published previously. [9], [10]. 

Adsorption experiments with humic acid was observed via measuring of absorption of methylene blue at peak 
665 nm. As can be seen on Figure 3, the initial concentration of methylene decreased from 0.002 g 
of methylene blue (initial concentration) up to 0.001992 g of methylene blue in adsorption to humic acid during 
288 hours. Same tendency was observed for all adsorption experiments with humic acid only with different 
initial concentrations, which are mentioned in Table 2. 

 

Figure 4 Decreasing of initial concentration of methylene blue with 100 mg of humic acid 

 

Figure 5 Decreasing of initial concentration of methylene blue with 100 mg with methylated humic acid 

Adsorption experiments with selectively methylated humic acid were observed as well. The initial concentration 
of methylene blue dye had decreased in first 40 hours, but then it increased almost up to the initial 
concentration of the methylene blue dye. This tendency can be seen on Figure 5 for initial concentration 
0.1 g/L. 

As was expected, a lignitc humic acids were able to adsorbed methylene blue dye. The highest adsorption we 
obtained with initial concentration 0.01 g/L of methylene blue - in this case the concentration of adsorbed dye 
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rise up to 7.3 %. In case of methylated humic acid, we obtain very low decrement of adsorption, it was able to 
bind only 0.3 % of dye in case of initial concentration 0.025 and 0.001 g/L. All results can be seen on Table 2. 

Table 2 Values of adsorbed methylene blue dye into humic acid and methylated humic acids in % 

Initial concentration of methylene blue 0.1 g/L 0.075 g/L 0.05 g/L 0.025 g/L 0.01 g/L 

Adsorption info 100 mg of humic acid 0.4 % 0.76 % 0.74 % 1.9 % 7.3 % 

Adsorption info 100 mg of methylated humic acid 0.1 % 0.1 % 0.1 % 0.3 % 0.3 % 

Desorption experiments have provided information on how stable is the adsorption of methylene blue into 
humic acid and methylated humic acid as well. For 288 hours, we observed concentration of the dye in vial 
flasks via spectrophotometry. From obtained results is clear that methylene blue dye adsorbed in the first part 
of experiment partly desorbed. For initial concentration of 0.05 g/L, desorption reached the value 54 % for 
humic acid and 66.9 % for selectively methylated humic acid. All values are mentioned in the Table 3. 

Table 3 Table with values of the amount of desorbed methylene blue dye from humic acid in % 

Initial concentration of methylene blue 0.1 g/L 0.075 g/L 0.05 g/L 0.025 g/L 0.01 g/L 

Desorption from humic acids 34.2 % 31.1 % 54.0 % 46.9 % 24.45 % 

Desorption from methylated humic acids 18.4 % 50.0 % 28.6 % 66.7 % 60.0 % 

4. CONCLUSION 

We prepared sample of humic acid from lignite. Half of prepared humic acid were selectively methylated to 
block carboxyl groups in its structure. Visually there was a color different of samples and as well due to FT-IR 
spectroscopy was confirmed successful methylation.  

Then we continued with adsorption experiments - humic acid was able to bind up to 7.3 % of dye, methylated 
humic acid was able to bind maximally 0.3 % of dye. From results is clear that carboxyl groups are mainly 
responsible for binding with a dye. Because different of binding was big.  

Desorption experiment had shown that binding into its structure is week. In case of humic acids it desorbed up 
to 54 % for concentration 0.01 g/L of dye and in case of methylated humic acid it was 66.7 % for initial 
concentration 0.025 g/L. 

All this experiment bring us interesting data. For future experiment we would like to repeat experiments with 
same dye and run experiment for longer time. Then retaliate experiment with another type of dye.  
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Abstract 

Quantitative STEM imaging together with Monte Carlo simulations of electron scattering in solids can bring 
interesting results about properties of many thin samples. It is possible to determine thickness of a sample, to 
calculate mass of particles and measure mass per length/area. Appropriate calibration is one of the crucial 
parts of the method. Even a small error or inaccuracy in detector response to electron beam - either blanked 
or full - brings significant error into thickness determination. This problem can be overcome by parallel STEM 
imaging in more segments of the detector. Comparing more segments gives a possibility to use a signal from 
different segments for different thicknesses of a sample. Accuracy of individual parts of the detector depends 
on the captured signal quantity. It is desirable to use such a STEM detector segment that provides the greatest 
signal change to a unit of thickness. To demonstrate the usage, we used a sample of Latex nanospheres 
placed on thin carbon lacey film; diameter of the nanospheres was around 600 nm in order to compare the 
results from different detector segments. Thanks to the known thickness of the sample (calculated from its 
geometrical shape), it is possible to estimate the optimal acquisition settings and post processing steps with 
the known and the true state of the sample. 

Keywords: Quantitative STEM, thickness determination, detector segments, Monte Carlo simulation 

1. INTRODUCTION 

The field of electron microscopy offers many types of imaging techniques. In general, it is possible to divide 
imaging techniques into two groups by dimensionality of provided information. The first group gives 3D 
information about the investigated sample. It can be focused ion beam milling (FIB-SEM), serial block face 
imaging (SBF-SEM) or volume scope (deconvolution of images captured at different acceleration voltages) in 
the case of scanning electron microscopes (SEM). In the case of transmission electron microscopy (TEM) it is 
possible to use tomography or single particle analysis workflows. The second group is imaging in 2D either 
conventional imaging in SEM using of variate detectors and signals or planar projection of a sample in TEM 
and STEM. Quantitative scanning transmission electron microscopy (STEM) imaging brings a way how to get 
more quantitative information about the thickness, such as a thickness of the sample at each pixel from a 
single image (other available information may be a mass per length of filamentous structures, mass per area 
of sheets, or mass of particles). The main assumptions for this technique are 1) known geometry of the 
detection system that usually contains the geometry and position of the detector, the sample holder and the 
pole piece of the final demagnifying lens 2) density and composition of investigated samples. As clear from 
principle of STEM imaging, the samples are mounted on TEM grids. It depends on the type of the sample if 
the supporting film is used. Provided that it is necessary e.g. for imaging of individual nanoparticles, it is 
desirable to use a film as thin as possible with sufficient endurance to the electron beam. Correlative 
quantitative imaging in SEM and STEM is described in [1]. 

2. MATERIAL AND METHODS 

Method based on workflow described by Volkenandt et al in [2] was used in this study. The main assumption 
is a linear response of a detector to intensity of incident electron beam. It is necessary to calibrate the 
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detector system response on incident electron beam over the whole range of used probe currents. We used 
commercially available STEM III detector mounted on Magellan 400L SEM (both FEI, Czech Republic). Images 
were taken by the original internal scanning unit of the microscope with a dwell time of 5 µs and image size 
of 1024 × 882 pixels. Five amplifier lines were used for simultaneous acquisition of four independent signals: 
bright field (BF) - one channel, dark field 1 (DF1) - one channel, dark field 3 (DF3) - one channel, and high 
angle annular dark field (HAADF) - two channels. Dark field 2 and dark field 4 were not used in this study. 
Other SEM settings are as follows: acceleration voltage 30 kV, probe current 25 pA, working distance (WD) 
4 mm, field free mode, pixel size approximately 1 nm. Quantitative imaging in immerse high resolution mode 
(described in [3]) was not used for its uncertainty and difficulty.  

For Monte Carlo (MC) simulation of signals captured by the STEM detector, it is essential to use correct 
geometrical parameters of the used detector together with working distance of a sample in view of system pole 
piece - sample - detector. Those characteristics of our system are shown in the Table 1. The MC simulation 
was performed in Casino software [4] with appropriate settings (beam energy 30 keV, 100,000 electrons per 
point, total and partial cross section taken from Elsepa database, supporting thin carbon layer was taken into 
account). Captured electron microscopy images were calibrated to full and blanked electron beam by the 
equation (1)     

DARKFULL

DARKSIG

NORM
II

II
I

−

−
=              (1) 

where: 

ISIG - the pixel value 

IDARK  - the mean value of dark image 

lFULL - the mean value of full electron beam on the detector. 

Table 1 Radius and angle of individual detector segments of STEM III detector in working distance of 4 mm.  
  The segments used in this study are highlighted by gray color. 

Segment of the 
detector 

Radius 
(mm) 

Angle 
(mrad) 

BF 0.00 0.46 0.0 32.5 

DF1 0.53 0.79 37.8 52.0 

DF2 0.80 1.03 57.3 73.7 

DF3 1.11 1.45 79.1 103.1 

DF4 1.52 2.21 108.4 156.3 

HAADF 2.28 10.00 161.5 650.3 

Used calibration images are shown in Figure 1. Segments DF3 and HAADF are only visible in our SEM when 
the retractable STEM detector is manually shifted. When those images were taken, the detector was centred 
according to the electron beam. Notice the dark spot in the middle of the BF segment of the detector - this 
response inhomogeneity of our detector has clearly visible impact on the captured BF image. Slightly scattered 
electrons passing through the edge of spherical nanoparticle are landing on more sensitive part of the BF 
segment and creating the bright rim of the particle. It is recognisable in final determination of thickness, where 
influence of this inhomogeneity is visible in wrong estimation of thickness of supporting carbon layer (3 nm in 
thick). 
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Figure 1 Calibration images of used detector segments with schematic drawing of their arrangement in used 
STEM detector 

To compare individual detector segments and their accuracy we used - analogically to our previous work with 
a BSE signal [5] - a sample with a thickness known in each point - Latex nanosphere with a nominal diameter 
of 616 nm (S130-6, Agar Scientific, United Kingdom). We measured diameter of 583 nm in the case of the 
shown particle. Further processed images are shown in Figure 2. Even with the naked eye, there is low 
contrast change of DF3 image visible in direction from the edge of the particle to the centre. For MC simulation, 
the used density of latex was 1.055 kg/m3. Results of MC simulation are shown in Figure 3 right. 

 

Figure 2 Latex nanosphere captured simultaneously in BF, DF1, DF3 and HAADF. Bar 200nm. 

For noise limitation and easier comparison of the results, the center of nanoparticle is detected and then 
rotation averaging is performed (shown in Figure 3). In this step a distance of each individual pixel to center 
of the sphere is calculated. Then the pixels with distance in chosen range are averaged. The advantage of this 
method is the absence of an interpolation error. However, a small amount of pixels in the middle of the particle 
causes significantly higher noise in this area.  

 

Figure 3 Left: Calculation of rotationally averaged signal. Detected sphere nanoparticle is green, control 
of integrity of the particle (red lines) and detected center (yellow cross). Right: Monte Carlo simulation for 

Latex. 
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3. RESULTS AND DISCUSSION 

Our results show high differences of accuracy in estimated thickness by individual detector segments. 
Captured data are shown in Figure 4 left and final correspond thickness profiles are shown in Figure 4 right. 
The highest accuracy we found in the case of HAADF segment, where the estimated thickness corresponds 
with the theoretical one in the whole measured thickness range. The BF segment brings similar sensitivity as 
HAADF does, except for the center of the sphere and the edge area of the sphere including the thin support 
carbon layer. This inaccuracy is caused by reduction of sensitivity in the center of the BF segment of the used 
STEM detector (as mentioned above and shown in Figure 1).  

 

Figure 4 Captured data after rotationally averaging (left). Thickness of the sample estimated by quantitative 
STEM imaging in four different detector segments (right). 

Results of DF1 and DF3 segment imaging have not been satisfying within our experiment so far. It is for further 
examinations, it is highly probable the calibration of both segments may be problematic. In the case of DF1 
(green) there is dependency similar to what was expected clearly visible but moved about 100 nm lower in 
thickness. The straight line indicates the thickness over simulated range (values of the points where captured 
signal is higher than the highest simulated signal are removed). It brings the assumption, that the active size 
of those detector segments is higher than we used for MC simulation and our information about properties 
of used STEM detector is not accurate. The DF3 segment is not the appropriate choice for thickness estimation 
of our test sample, because of flat course at most of the captured data profile. Low change of signal due to 
varying thickness brings low sensitivity in thickness determination. In general, all segments DF1-DF4 have 
very fine angular range and thus their sensitivity for measured samples is very low. 

4. CONCLUSION 

We demonstrated the ability of quantitative low voltage STEM imaging to precise determination of local 
thickness in wide range from 0 to approximately 600 nm in the case of latex (polystyrene) sample. The proof 
was done at the sample of latex spherical nanoparticles that have relatively low density. Particles are 
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composed of light elements - carbon and hydrogen. In the case of samples containing higher atomic elements, 
the penetration depth of the electron beam is much lower. Unfortunately, not all used segments gave us the 
same results. We observed calibration errors which were devaluating measurements in DF1 and DF3 
segments. Compared to that, BF and HAADF segments bring accurate results which correspond with the 
reality of the sample. Nowadays other experiments are underway with the aim to observe origin of partly 
inaccurately calibration. We recommend to process similar comparative experiment after any change in 
imaging process of a microscope. 
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Abstract 

Aluminium oxide nanopowder is used for sintering into ceramic materials with attractive mechanical properties. 
The simplest and most common sintering methods are wet methods during which the nanopowder is dispersed 
in a liquid. High surface energy increases the quality of the sintered material. Atmospheric pressure plasma is 
known improve its wetting properties and the quality of ceramic sintered using the electrophoretic method. 
However, polarisation abnormalities during the deposition suggested an addition of negatively charged species 
on the powder’s surface during the treatment, probably NOX molecules. To verify this hypothesis, we have 
used the Thermal Desorption Spectroscopy on the treated and the untreated nanopowder to study the changes 
that occurred during the treatment. We have found that a large number of additional NO, NO2, CO2 and 
hydroxyl were attached to the surface, at least some of them were grafted rather than adsorbed. This provided 
additional evidence that the abnormalities were caused by NOX molecules on the surface. 

Keywords: Alumina, sintering, electrophoretic method, plasma treatment, Thermal Desorption Spectroscopy 

1. INTRODUCTION 

Aluminium oxide is a material with many useful properties, such as high hardness, high wear resistance, 
corrosion resistance, thermodynamic stability and can also have good transparency. It has a lot of application 
in cutting tools, optical objects, implants etc. [1] 

Alumina ceramic’s properties are improved with smaller grain size of the material it’s sintered from, changing 
significantly as the grains reach the nanoscale. Such materials are made of nanopowders via sintering. These 
methods also allow mixing more types of nanopowders together to create nanocomposite materials [2]. 

Electrophoretic deposition is a cost-effective and versatile sintering method. This method requires a high 
concentration suspension of the nanopowder in a liquid, otherwise particles deposit at different speeds [3]. 
Hydrophilicity of the nanopowder helps ensure good mixing of the powder in the liquid and thus increase the 
quality of the sintered material. 

Tomáš Morávek and colleagues have verified that plasma treatment in DCSBD reduces the surface roughness 
and slightly improves the density and grain size of electrophoretically sintered coatings [4]. XPS measurements 
had shown an increased amount of C-O bonds and AlOOH bonds. However, while investigating the behaviour 
of plasma treated and as-received aluminium oxide powders during the electrophoretic deposition, it was 
discovered that the main difference between the processes is a change of the polarization of the electrode 
where the deposit was created. The plasma treated powders created the deposit on the positive electrode 
while the deposit created from the suspension containing non-treated powder was formed on the negative 
electrode. To be possible for this to happen, some negatively charged species had to be adsorbed on the 
powder's surface during the treatment. By using different analytical methods, it was concluded that one 
of possible causes is an adsorption of NOX molecules. 

In order to investigate if there were any NOX gases, we have analysed the result using Thermal Desorption 
Spectroscopy (TDS) [5] on alumina nanopowders before and after treatment with a Diffuse Coplanar Surface 
Barrier Discarge (DCSBD) [6]. We have compared the results to data obtained from FTIR. 
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2. EXPERIMENTAL 

We have used high-purity (99.99 %) Taimicon TM-DAR nanopowder from company Taimei chemicals with 
grain size 0.1 µm. According to the manufacturer, the powder’s surface is 14.5 m2/g. 

We have used a DCSBD discharge with area 196 x 78 mm, containing two electrodes of interlocking comb 
pattern with 30 stripes placed 1 mm apart from each other (Figure 1). We have placed the nanopowder on the 
discharge’s surface with homogeneous width. The experiment was performed in air at atmospheric pressure. 
The discharge was fed by 500 W power with frequency 30 kHz. The process lasted for 30 seconds. 

 

Figure 1 Using a DCSBD to process the nanopowder 

The Thermal Desorption Spectroscopy measurement was performed on a custom-built device (Figure 2). 
About 300 mg of the nanopowder was placed in a metal vessel and inserted into a vacuum chamber evacuated 
by a Pfeiffer D-35614 Asslar turbomolecular pump, at high vacuum at pressure around 5·10−5 Pa. Using a 
Clasic laboratory fournace, the powder was heated by 10K/min until temperature 1000 °C and kept at 1000 °C 
for 30 min. Mass spectra of gases desorbed during the reactions caused by increasing temperature were 
measured using a Prisma 80 quadrupole mass spectrometer from Pfeiffer with range from 1 to 80 amu. Results 
were computed and visualised using a custom program developed with Qt. 

 

Figure 2 The apparatus used for TDS 

3. RESULTS AND DISCUSSION 

First, we have measured thermal desorption spectra of treated and untreated nanopowder at temperatures up 
to 1000 °C. The data were rendered into a heatmap where every point’s colour indicates the amount 
of desorbed gas of mass determined by its x position at temperature determined by its y position (Figure 3). 
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Figure 3 Thermal Desorption heatmap of plasma-treated alumina nanopowder 

We can see a large desorption peak of water around temperature 200 °C. There are also desorption peaks 
of other materials at that temperature, especially oxygen, nitrogen and carbon dioxide. There is also a 
desorption maximum around temperature 380 °C, especially for oxygen, nitrogen, nitrogen dioxide and carbon 
dioxide. The data from untreated powder are in the following heatmap: Then, we treated the nanopowder with 
DCSBD plasma for 30 s and measured its effects on the spectra (Figure 4). 

 

Figure 4 Thermal Desorption heatmap of untreated alumina nanopowder 

Besides the large desorption peak around temperature 200 °C, we can see a smaller group of desorption 
peaks of oxygen and nitrogen around temperature 400 °C. The series of small peaks released at temperature 
around 500 °C appeared also in experiments without the nanopowder. Therefore, the plasma treatment greatly 
affected the peak appearing at temperature 380 °C. Graph at Figure 5 shows this release more closely to 
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allow to determine which gases were released and their relative amounts compared to the release from 
untreated sample. 

 

Figure 5 TDS spectrum at temperature 380     °C 

In the spectra of the untreated nanopowder, we can see mostly atmospheric gases and water vapour, which 
may originate from the vacuum chamber’s walls. In the spectra of the plasma-treated nanopowder, there is a 
large additional release at masses 14, 16, 17, 18, 30 32, 44 and 46 u (Table 1). 

Table 1 Probable species corresponding to the desorbed masses 

Mass Probable species 

14 N (fragment of N2, NO or NO2) 

16 O (fragment of O2, NO, NO2 or H2O) 

17 OH 

18 H2O 

30 NO 

32 O2 

44 CO2 

46 NO2 

It is unlikely that species at masses 30 and 44 were ethane and propane respectively because of the absence 
of fragments that are typical for hydrocarbons. The massive releases at masses 30 and 46 corresponding to 
nitrogen oxide and nitrogen dioxide suggest that the sample indeed contains NOX as hypothetised. 

 

Figure 6 TDS trends of species at mass 30  u 
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Figure 7 TDS trends of species at mass 46 u, corresponding to nitrogen dioxide 

The trends at masses 30 u and 46 u (Figures 6 and 7) give strong evidence that the plasma-treated samples 
contain much larger amounts of NOX. We can also observe an additional peak in the data from the treated 
sample that did not appear in the data from the untreated sample. Therefore, the nitrogen oxides are also 
bonded differently in the treated sample. 

To determine if these new species were grafted to the surface or adsorbed from the surrounding atmosphere, 
we have used a FTIR measurement. We were able to identify some of the detected species and determine 
how did their amount change during the plasma treatment (Table 2). 

Table 2 Changes in concentrations of species detected by FTIR 

Species Change 

hydroxyl substantial increase 

adsorbed H2O removed 

possibly NOX increase 

CHX removed 

Al2O3 unchanged 

The replacement of adsorbed water with hydroxyl groups suggests that the treatment grafted new functional 
groups to the nanopowder’s surface. Unfortunately, we could not determine if the NOX was grafted or adsorbed 
to the surface. 

While both TDS and FTIR measurements confirm that the amount of NOX increased during the treatment, 
neither allowed us to determine if it was grafted or adsorbed. This might be possible to decide by modelling 
the peaks and determining their activation energy and decide if they were grafted or adsorbed, but it is a 
challenging task because the peaks appear to be composed of two individual reactions culminating at similar 
temperatures. 

4. CONCLUSION 

We have measured the Thermal Desorption Spectra of untreated alumina nanopowder and of alumina 
nanopowder treated by DCSBD plasma. The results show that the chemical properties of the nanopowder 
surface were significantly altered. The plasma modified surface contained additional functional groups, either 
able to capture or consisting of additional oxygen, hydroxyl, nitrogen monoxide, nitrogen dioxide and carbon 
dioxide. This provides additional evidence to an earlier hypothesis that nitrogen oxides were added to the 
nanopowder’s surface during the treatment. Further analysis has shown that some of the species were grafted 
at the surface, but we were not able to determine how were the nitrogen oxides attached to the surface. 
Additional modelling of the thermal desorption process might determine the nature of the attachment. 
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Abstract  

This paper presents the results of surface modification of polymers induced by atmospheric pressure non-
isothermal plasma generated in reducing atmosphere. The technology based on diffuse coplanar surface 
barrier discharge (DCSBD) was used with the aim to achieve highly hydrophobic surfaces. One rigid 
(polymethylmethacrylate-PMMA) and three flexible polymers (PMMA, polytetrafluoroethylene-PTFE and 
polyethylene terephthalate-PET) were modified by plasma. The changes in wetting phenomena and surface 
free energy were observed depending on plasma treatment conditions. The most significant modification 
occurred on flexible PMMA and PTFE. Using pure hydrogen plasma, we were able to achieve an increase 
of water contact angle up to ~115° from the original value 78° (untreated PMMA). On the contrary, the water 
contact angle on PTFE decreased to ~91° from the value 109° (untreated PTFE). Observed etching process 
on polymer surfaces and the changes in surface roughness were detected by a scanning electron microscopy 
(SEM) and atomic force microscopy (AFM). 

Keywords: Non-isothermal plasma, reduction atmosphere, PMMA, PET, PTFE 

1. INTRODUCTION 

Plasma treatment of polymer surfaces is nowadays a highly exploited technique used to induce changes in 
surface wettability, for adhesion improvement, surface functionalization, sterilization, cleaning and etching. 
Plasma processing is widely applied in the industry e.g. for the production of functional coatings, in 
microelectronics, the modification of packaging materials as well as biomaterials.  

The non-isothermal atmospheric pressure plasma sources provide the solution for efficient improvement 
of surface properties of low adhesive, chemically inert and heat sensitive polymeric materials such as 
polymethylmethacrylate-PMMA, polyethylene terephthalate-PET and polytetrafluoroethylene-PTFE. 

Plasma-induced etching and surface structuring of polymers can result in the change of its wettability and 
surface morphology without the undesirable modification of the bulk and optical properties. The nano- and 
micro-scale surface structuring can result from the short and longer plasma exposures, respectively [1,2]. 

Plasma etching is widely studied for the fabrication of superhydrophobic and superoleophobic surfaces on 
polymers [3] with subsequent self-cleaning properties [4]. Ellinas et al. and Tserepi et al. [5,6] studied 
attachment of cells on highly hydrophobic surfaces for different biological applications. For this process, the 
low-pressure plasma generated mostly in Ar, He, O2 and fluorocarbons containing gases is used [7,8].  

Dry etching of different polymeric materials by plasma generated in various gas mixtures at atmospheric 
pressure was recently reported by authors of [9-11]. Reducing plasma can also be used for the improvement 
of the wettability and adhesion properties of chemically highly inert materials, such as PTFE [12,13]. 

In this paper, the diffuse coplanar surface barrier discharge (DCSBD), capable of meeting the industrial 
production requirements in reducing atmosphere, was used for surface etching and structuring at atmospheric 
pressure. The effect of high energetic plasma, with the electron density of 1.3×1016 cm-3 and mean electron 
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temperature of approx. 19×103 K [14], generated in pure hydrogen was tested on one rigid (PMMA) and three 
flexible (PMMA, PTFE, PET) polymeric substrates.  

2. EXPERIMENTAL 

Three flexible polymeric samples and one rigid polymer sheet were used in this work. Flexible PMMA foil 
(0.05 mm, DENZ BIO-MEDICAL GmbH, Austria), PET foil (0.25 mm) and PTFE foil (0.25 mm both from 
GOODFELLOW CAMBRIDGE Ltd., England) were used as samples. Moreover, 2-mm thick Acrylic sheet 
(CHO CHEN Ind. Co., Ltd, Taiwan) was also tested. 

The polymers were treated by plasma generated by DCSBD plasma source. Single DCSBD unit generated a 
thin plasma layer on area of 20×8 cm2 when powered by a high voltage generator VF700 (LIFETECH s.r.o., 
Czech Republic) with the frequency of 15 kHz and input power of 400 W. The samples were treated at the 
distance of 0.2 mm from the DSCBD ceramics in a dynamic regime. The schematics of DCSBD, as well as a 
picture of plasma generated in pure hydrogen, can be seen in Figure 1.  

 

Figure 1 a) Schematics of DCSBD plasma unit and b) a picture of DCSBD plasma in pure hydrogen [15] 

The DSCBD plasma source was placed in a sealed reactor chamber of volume approximately 2 l. The gas 
flow of pure hydrogen (99.998 %, MESSER TECHNOGAS s.r.o., Czech Republic) was kept at 1 l/min during 
the plasma treatment.  

The changes in water contact angle (WCA) and surface free energy (SFE) were measured using surface 
energy evaluation system See System (ADVEX INSTRUMENTS s.r.o., Czech Republic). The WCA value was 
estimated as an average of contact angle measurement of 10-15 water droplets with a volume of 1 µl. The 
SFE value was measured using the average contact angles of three different liquids: water, ethylene glycol 
and diiodomethane (SIGMA-ALDRICH, Inc., USA), estimated in analogy with the WCA measurement. The 
surface free energy was then calculated according to the Owens-Wendt regression method [16]. 

The morphological changes of polymer surfaces after the plasma treatment were measured using Scanning 
Electron Microscope Mira3 (TESCAN s.r.o., Czech Republic) with an accelerating voltage of 5 kV using 
secondary electron emission detector. To prevent charging of the polymer surface, the samples were coated 
with 10 nm of Au/Pd composite layer. The change of surface roughness was measured using Atomic Force 
Microscope NTEGRA Prima (NT-MDT, Russia) in a semi-contact mode. 

3. RESULTS AND DISCUSSION  

Figure 2 shows the results of contact angle measurement (a) and surface energy analysis (b) of plasma-
treated polymers after 5, 10 and 30-min modification in pure hydrogen DCSBD plasma.  

The contact angle analysis revealed the increase of WCA on both PMMA samples and PET surface. The 
maximum value of WCA on both PMMA substrates was achieved already after 10 minutes of treatment by 
reducing plasma. The increase of WCA was rather steep for the PMMA foil from initial 78.6° to 109.2° after 
5 minutes and to 114.8° after the 10 minutes of treatment. The slighter increase of WCA on PMMA sheet can 
be related to the thickness and rigidity of the substrate. The observed PMMA changes after DCSBD plasma 
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treatment are similar to the results of chemical fluorination of PMMA presented by [17] and the treatment 
of PMMA by fluorocarbon plasma at low-pressure [8].  

The WCA on PET foil increased from initial 81.4° to the measured maximum 97.0° after 30 minutes of the 
reduction plasma treatment. The slower increase of WCA and the previous work of Krumpolec et al. [10] is 
indicating, that the further change in contact angle can be achieved by the plasma etching of the substrate 
surface after extended treatment time.  

The surface energy of PMMA and PET surfaces decreased because of a decrease of polar component of SFE. 
In both cases, the disperse component of SFE mostly preserved its value. It is apparent that a decrease of SFE 
by reducing plasma is due to the substantial decrease of the polar component and the mechanical structuring 
of the substrate surface observed by microscopy, which will be described in more detail later.  

 

  a) b) 

Figure 2 The WCA (a) and SFE values (b) measured on plasma-treated polymer surfaces after 30 minutes 
in hydrogen DCSBD plasma and the comparison with reference values 

On the other hand, the wettability of PTFE showed different results. A decrease of WCA from reference value 
108.9° to 90.8° was observed after 5 minutes exposure in hydrogen plasma. No further decrease of WCA with 
increasing treatment time was observed.  

Similar WCA and SFE results were observed by Jie-Rong and Wakida [12] who modified PTFE in low-
temperature low-pressure hydrogen and methane plasma for several minutes. Authors related the result of an 
increase of the polar and disperse component to the plasma induced changes of chemical composition on the 
surface. The electron spectroscopy for chemical analysis revealed a decrease of fluorine concentration and 
an increase of carbon, oxygen and nitrogen intensity on the PTFE surface. However, authors didn’t analyse 
the changes in surface morphology. 

Figure 3 and Table 1 present the roughness data measured on PMMA samples. The AFM analysis revealed 
similar tendencies in the roughness increase. The measured roughness for both substrates increased approx. 
10 times after 10 min treatment in hydrogen DCSBD plasma. The maximum average roughness after the 
30 min treatment achieved similar values for flexible PMMA and PMMA sheet. However, the structures created 
on the surface have different density, shape and diameter of the peaks. As revealed, the shape of the 
structures significantly influences the surface wettability. 
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Table 1 The average roughness of flexible and rigid PMMA after the DCSBD plasma treatment in pure  
    hydrogen (area 5×5 µm-2) 

Treatment time 
(min) 

PMMA foil PMMA sheet 

Roughness (nm) ∆ (nm) Roughness (nm) ∆ (nm) 

0 2.8 0.1 1.1 0.2 

5 20.1 0.3 7.1 3.2 

10 22.7 4.5 11.6 3.0 

30 65.8 1.4 59.1 3.9 

      

    
Figure 3 The AFM images (from left to right) of flexible and rigid PMMA references (a) and after 30 min (b) 

of DCSBD plasma treatment in pure hydrogen (area 5×5 µm-2) 

SEM images show the morphology of plasma-treated polymers in Figure 4. A time-dependent formation 
of pillar and dot like structures on both PMMA and PET foils was observed. This type of morphology was 
reviewed in [18] and associated with bactericidal properties of naturally occurring, self-cleaning 
superhydrophobic surfaces. Coen et al. [1] observed a similar effect on PMMA foil treated by low-pressure 
helium plasma. As reported, small pillar structures (called worm-like chains) appeared after short treatment 
times. The thicker grooves were formed after the further (longer) treatment with small pillars preserved on top. 
Simultaneously, the authors linked this similar time-dependent change of the structure with kind of melting 
process involving chain scission and etching effect.  

The SEM microscopy of PTFE surface revealed the arise of root-like nanoscale lines on the surface. These 
structures had no effect toward the improvement of surface hydrophobicity. In [1], the root-like structure grew 
more visibly after several minutes of helium plasma treatment. This effect was explained as the etching 
of amorphous part of the polymer. Then the appearing root-like structures can be composed of a backbone 
of crystallised polymer chains surrounded by the amorphous part. This assumption can be verified by long-
lasting etching by atmospheric pressure hydrogen plasma treatment in the future.  

4. CONCULUSION 

The effect of atmospheric pressure DCSBD plasma generated in pure hydrogen was studied on one rigid 
substrate and three different polymeric foils. The change of the wetting phenomena towards hydrophobic 
properties and structuring of the surface was confirmed for both PMMA samples and PET foil. The contact 
angle analysis performed on these substrates revealed a substantial decrease of polar component of surface 
energy. The microscopic analyses showed the change of morphology and formation of submicron structures 
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on both PMMA and nanoscale structures on PET substrate. On the other hand, hydrogen plasma led to the 
increase of contact angle and improvement of wettability of PTFE foil with an insignificant change of substrate 
topography and morphology.  

The atmospheric pressure low-temperature DCSBD plasma in pure hydrogen is presenting a novel approach 
to structuring the polymeric surfaces on a submicron scale. At the same time, it can improve the wettability 
and adhesion of the chemically inert polymer like PTFE without the need for low-pressure or time-consuming 
chemical processing of the substrate.  

 reference 5 min 10 min 30 min 

a)     

b)     

c)     

d)     

Figure 4 SEM micrographs of the PMMA foil (a), PMMA sheet (b), PET (c) and PTFE foil (d) (from left to 
right) reference sample and the samples after 5, 10 and 30 min treatment by DCSBD plasma generated 

in pure hydrogen (scale bar 1 µm) 
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Abstract 

In this study, milife fabrics (polyester nonwoven fabrics) were used. Three common silanes including 
octyltriethoxysilane, phenyltriethoxysilane and tetraethoxysilane have been prepared by sol-gel technique to 
treat the milife fabrics with and without copper coating. The main aim of the study is to protect the conductive 
copper layer of the milife fabric by the silanization proces. Surface morphology have been measured by 
scanning electron microscope to prove the deposition of silane, surface roughness was measured by confocal 
microscope and electromagnetic shielding effectiveness (EMI) have been tested to prove the change in EMI 
values with respect to silane coating. From the results, it was obvious that EMI of the copper coated milife 
treated with phenyltriethoxy silane ranging from 40 to 50 dB increases about 80 % of the values of copper 
coated milife compared to other two silane coatings. In addition, SEM showed that deposition of silane on the 
fabric surface depending on the different types of silane used for the sol-gel coating. 

Keywords: Electromagnetic, silane, coating, milife fabrics, copper, modification  

1. INTRODUCTION  

Sol-gel coating is one of the most important emerging technology in textile industry due to its many advantages 
such as highly effective, adjustable coating thickness, good coating durability, easy combination with various 
functions and less environmental impacts. Typically, metal oxides starting from a colloidal solution (sol) that 
acts as the precursor for an integrated network (or gel) of either discrete particles or network polymers are 
used for the fabrication of materials. Typical precursors are metal alkoxides and metal salts (such as chlorides, 
nitrates and acetates), which undergo various forms of hydrolysis and polycondensation reactions. Both in 
liquid and solid phase contained in the formation of a gel-like diphasic system are evolved by the ‘sol’ in this 
chemical procedure whose morphologies range from discrete particles to continuous polymer networks. 
A significant amount of fluid may need to be removed initially for the gel-like properties to be recognized in the 
case of the colloid, due to slow volume fraction of particles (or particle density) which can be accomplished 
through a number of ways. The method which is simple is to allow time for sedimentation to occur and then 
pour off the remaining liquid. A drying process is required in the removal of the remaining liquid (solvent) phase 
which is typically accompanied by a significant amount of shrinkage and densification. The distribution 
of porosity in the gel determines the rate at which the solvent can be removed. During this phase of processing, 
changes imposed upon the structural template will strongly influence the microstructure of the final component 
[1-4]. In a single precursor component system, interconnected nanoscale porosity can be designed to the final 
material and hence a high surface area, it depends upon the precursors used and the solvent employed  
[4,5-7]. For thin films and coatings, the process of sol-gel is accepted as a technology. An alternative to 
chemical vapour deposition, sputtering, and plasma spray is the sol-gel process. It is shown that sol-gel thin 
films to be technically sound alternatives and to be commercially viable. For over 30 years, the technology 
of sol-gel thin films has been used and the process is quite simple. With a solvent and water, a solution 
containing the desired oxide precursor is prepared and is applied to a substrate by spinning, dipping or 
draining. Even though most needed to be calcined and densified with heating [8-16], coatings can be at room 
temperature. As a method to deposit the functional materials to different materials, sol-gel coating was widely 
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used in textile field by many researchers [10,14,15,17]. One of the great advantages of this technique is the 
possibility of producing transparent, porous solids at a low processing temperature. In order to develop 
microporous matrices which are excellent hosts for organic dopants, organically modified silica (organosilica) 
can be processed through the sol-gel method [17-20].  

2.  EXPERIMENTAL PROCEDURE  

2.1.  Materials  

Milife fabric (100 % polyester nonwoven fabrics) with or without copper coating have been used for this study. 
Three types of precursors, octyltriethoxysilane (OCTYL), phenyltriehoxysilane (PHENYL), and 
tetraethoxysilane (ORTHO) were selected for silane coating. All the silanes were purchased from Sigma-
Aldrich, USA. Triacetoxyvinyl silane and nitric acid were used as catalyst, ethanol and deionized water was 
used for the preparation of sol solutions. The sample description is given in Table 1. 

Table 1 Sample description of nonwoven fabrics 

Type of fabric 
Sample 

code 
Fabric conditions 

Thickness (mm) Fabric density (g.m-3) 

Mean CV% Mean CV% 

Milife 

 

A Copper coated 0.110 06.42 38.88 1.68 

B Without Copper coated 0.072 11.62 11.12 4.33 

2.1.1. Silica sol-gel synthesis and coating 

The silica sols were prepared by mixing different precursors with catalyst and solvent, the mixing can be done 
with proper proportion of silane, catalyst, water and solvent by 32:1:100:320 molar ratios respectively. Many 
studies could be conducted to optimize this proportions. The mixture was stirred until a clear solution was 
obtained when the crystals of the catalyst was dissolved. Later, the deionized water was added to the above 
mixture by using the syringe pump at the speed of 1 mL.h-1. Triacetoxyvinyl silane can be used as catalyst in 
terms of OCTYL and PHENYL coating (it has the dual functions like a catalyst, certainly it will be the third 
precursor) because it slowly releases the acetic acid during the hydrolysis reaction and ensures to avoid the 
rapid hydrolysis, whereas HNO3 has been used for preparing the sol with Tetraethoxy silane. The solution 
was continuously stirred for 24 hours at room temperature to allow the complete hydrolysis of precursors. The 
fabrics were dried in atmospheric condition and then cured at 110 °C for 10 minutes. Before measurement, 
the coated fabric was left in atmospheric condition for 24-48 hours to ensure complete stabilizing of the silica 
matrices.  

2.2.  Methods 

The surface morphology of control and sol-gel coated fabrics were observed by using TS5130 Vega-Tescan 
scanning electron microscope (SEM). Laser scanning confocal microscope (LSCM analysis of copper coated 
fabric, Olympus OLS 3100 model laser scanning confocal microscope was employed to measure surface 
properties of control and coated fabrics. Surface roughness and other related properties were calculated 
according to the ISO 4287:1997 standard. Infrared thermography measurement was conducted by using 
thermal camera. A vertical hot plate maintained at constant temperature around 40˚C was used as heat source, 
the specimen was flatly attached onto the hot plate with the help of a frame tool, and after 2 min thermal images 
were taken by thermal camera at a distance of 40 cm from the hot plate. The room temperature was kept at 
25 ± 2°C. A thermal image reveals the amount of radiation emitted by the heat plate through the fabric. The 
thermal insulation value can be computed via the following equation (1); 
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                                                          (1) 

where B- Instrument temperature (i.e. 40 °C), F- Fabric temperature, R- Room temperature. 

The electromagnetic (EM) shielding effectiveness (SE) of the samples was measured according to ASTM 
D4935 -10 standard for the planar materials. Surface resistance and volume resistance of the samples have 
been measured by using concentric electrodes (applied pressure 2.3kPa) under a 100V direct current (DC) 
power supply, according to standard ATSM D257 -07. This standard is intended for insulating samples and it 
was chosen due to the wide sample set containing insulating, semi-conductive and conductive samples 
allowing a comparison of the results.  

3.  RESULTS AND DISCUSSION  

3.1.  Surface morphology of sol-gel coated fabric  

The surface of coated and uncoated fabric samples was observed using SEM. Figure 1 shows the surface 
morphologies of sol-gel coated fabrics with different silane coating. It is apparent from the micrographs that a 
thin film was formed on the coated fabric surface and the film formation is significantly depending on the type 
of silane used for the sol-gel coating. In fact, each fiber is covered with a continuous layer of sols, these layer 
formation on the fiber surface confirmed that the copper coated fabric has been protected through sol-gel 
coating techniques.  

 
Figure 1 Impact of silanization on the copper coated milife fabric;  

(a) before sol-gel coating, (b) after sol-gel coating (PhTES) 

From the figure, it can be seen that the sol-gel coating made significant changes in the surface by creating the 
roughness, also the surface roughness depends on the type of silane used. In this study, sols prepared with 
phenyl and ortho based silane creates more roughness than the sols prepared with octyl alone, which is due 
to the chemical groups presented in the silane and its structure. However, octyl having the flexible long alkyl 
chain groups provided the significantly less roughness. Meanwhile, phenyl has benzene groups which make 
more roughness on the network, therefore, it produces more roughness as well as it reduces the physical 
properties of coated materials. Table 2 shows the roughness characteristic of the fabric before and after 
coating. In overall, numerical values showed the drastic changes in the peak height (Rp), depth valley (Rv) 
and the addition of both parameters (Rz). As a result, the highest numerical value indicates the more 
roughness, and thus significant changes in the surface roughness. 

B F
I

B R

− =  − 
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Table 2 Surface roughness characteristics of milife fabrics 

Sample  Type of fabric  Max. Peak height 
(Rp) 

Max. Valley depth 
(Rv) 

Max. Depth (Rz) 

(µm) (µm) Rz=Rp+Rv  (µm) 

Control  Milife 0.92 0.44 1.36 

  
Milife 

(CU-coated) 
1.22 1.18 2.4 

Octyl Milife 1.1 1.65 2.75 

  
Milife 

(CU-coated) 
0.65 1.62 2.27 

Phenyl Milife 1.45 1.68 3.13 

  
Milife 

(CU-coated) 
3.21 2.54 5.75 

Ortho Milife 0.65 1.28 1.93 

  

Milife 

(CU-coated) 
3.8 4.21 8.01 

3.2.  Electromagnetic shielding effectiveness  

Figures 2 to 5 shows the dependence of the EM SE in dB on the whole measured frequency range for all the 
samples. Figures 2 and 4 shows the SE of milife samples coated with copper. It is found that the control 
sample exhibits a certain SE performance and the values gradually decrease with the increasing frequency. 
The SE of milife samples containing copper coated with phenyltriethoxysilane silane roughly doubles that 
of control samples, and its downward trend with increasing frequency slows down. Oppositely, with increasing 
frequency, SE has a downward trend for both the octyltriethoxysilane-coated milife samples containing copper 
and the tetraehoxysilane-coated milife samples, SE of the former gets around 0 dB at 1.5 GHz. In Figures 3 
and 5, the reflection of milife samples coated with copper have closer values at the beginning. Only the 
reflection of samples treated with octyl silane gets increased with increasing frequency.  

 

Figure 2 EMI of Milife coated with copper (total electromagnetic shielding effectiveness) 
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Figure 3 EMI of Milife coated with copper (reflection shielding effectiveness) 

 

Figure 4 EMI of Milife (total electromagnetic shielding effectiveness) 

 

Figure 5 EMI of Milife (reflection shielding effectiveness) 
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4. CONCLUSION  

From this study, it can be concluded that the conductive copper layer of the milife fabric can be protected by 
silanization process. The results from surface morphology and surface proved the deposition of silane coating 
and the roughness factor of the different silane coating had an adverse effect on the copper coated milife 
fabrics. Electromagnetic shielding effectiveness (EMI) of phenyltriethoxy silane coated fabrics have the highest 
value of total shielding effectiveness ranging from 40 to 50 dB increases about 80 % of the values of copper 
coated milife compared to other two silane coatings.  
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Abstract  

Ion track-etched membranes are porous systems obtained by etching of the latent ion tracks using a suitable 
etchant solution. In this work, control of the pores’ spatial profiles and dimensions in PET polymers was 
achieved by varying etching temperature and etching time. For determination of the pores’ shape, Ion 
Transmission Spectroscopy technique was employed. In this method, alterations of the energy loss spectra 
of the transmitted ions reflect alterations in the material density of the porous foils, as well as alterations of their 
thickness. Simulation code, developed by the team, allowed the tomographic study of the ion track 3D 
geometry and its evolution during chemical etching. From the doping of porous membranes with lithium-based 
solution and its analysis by Thermal Neutron Depth Profiling method, the ability of porous PET membranes to 
encapsulate nano-sized material was also inspected. The study is important for various applications, e.g., for 
catalysis, active agents, biosensors, etc.  

Keywords: Latent ion tracks, etching, doping, Ion Transmission Spectroscopy, Thermal Neutron Depth  
         Profiling 

1. INTRODUCTION 

The energetic ions, passing through polymers, may induce latent ion tracks with supposedly cylindrical shape. 
The transformation of the latent ion tracks into pores via the process of the chemical etching [1] provokes a 
high interest because by changing the etching conditions a different shape of the pores can be obtained [2]. A 
promising approach to obtain information about the micro-channels (pores) in a non-destructive way is to 
measure the energy loss of the mono-energetic charged particles passing through the thin foil of the analyzed 
material [3]. With this method, the alteration of the energy loss reflects the change in the density and thickness 
of the thin film. If the non-etched film is uniform with no pores, it is possible to observe the Full Energy Peak 
(FEP). By etching the material, it is possible to observe the change in the position of the FEP. If there are also 
passing-through channels, in addition to the REP will also be present in the energy spectrum the Reduced 
Energy Peak (REP). The shape of the spectra between the REP and FEP gives information about the shape 
of the micro-channels. 

Obviously, the formed porous membranes can be used to store the nano(micro)-particles. To clarify this 
possibility, one-side etched membranes were doped with the lithium solution. The solution was analyzed by 
Thermal Neutron Depth Profiling (TNDP), nondestructive nuclear analytical technique [4,5]. The possibility to 
use membranes as storage of the micro-particles or nano-particles can found application in many fields 
of research and technology, spanning the micro-electronics to biological studies [6]. 

2. EXPERIMENTAL SETUP 

Polyethylene terephthalate (PET) thin film, 18 µm in thickness, was irradiated with the Xe ions with energy 
1.2 MeV/n (157 MeV) and fluence of 106 Xe/cm2. These ions passing though the PET create latent tracks that 
can be visualized after chemical etching. The chemical etching was performed using the NaOH solution of 9 M 
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concentration. Important parameters for the chemical etching are the temperature and the time of etching. We 
performed both double-side and one-side etching at different temperatures for the fixed time, or at the fixed 
temperature (50 °C, 65 °C or 75 °C) for different time (ranging from 5 to 60 minutes). The one-side and double-
side etched membranes were analyzed using the Ion Transmission Spectroscopy (ITS) thermal Neutron Depth 
Profiling (TNDP). To perform the ITS study, a thin 241Am α-source was employed to provide quasi-mono-
energetic ions. The transmitted spectra were analyzed by the Monte Carlo tomography codes developed at 
the NPI Rez for the laboratory purposes. The codes calculate the energy loss spectra of the α-particles by 
numerical integration. The resulting spectrum is obtained as a sum of all particular spectra, taking into account 
the density of the pores as an input parameter. The one-side etched PET samples were doped using the 5 M 
LiCl water solution for 3 hours and dry in air for 48 hours in the controlled environment (at RT and lower relative 
humidity). To analyze the encapsulation of lithium inside the sample, a series of the TNDP measurements was 
performed and examined. The TNDP analysis was carried out at the CANAM infrastructure, on the LWR15 
research reactor (operated by the Research Center Rez). The samples were irradiated with a thermal neutron 
beam of the 107 nth cm-2s-1 intensity, provided by a short mirror neutron guide system. Thermal neutrons 
induced an intensive, isotropic nuclear reaction 6Li(n,α)T, producing two reaction products, α(2.051 MeV) and 
T(2.734 MeV), emitted in the opposite directions. Even though the natural abundance of the 6Li isotope is only 
about 7.59 %, the high cross section (940 barns) assures (under the intense neutron beam bombardment) a 
fast data collection. The Li depth profiling was evaluated from the energy spectra using the LIBOR code 
developed by our team [7]. By this way, it is possible to get an estimation of encapsulation of Li in the pores 
and the size (length) of the (incomplete) pores (dips).  

3. RESULTS 

Successive energy spectra of the 5.486 MeV alpha-particles, transmitted through the PET foil etched gradually 
at the fixed temperature of 65°C for different (increasing) time, are shown in Figure 1. Before etching the 
spectrum consists of only one peak, the full energy loss peak (FEP).  

 
Figure 1 Series of the ITS spectra of alpha particle transmitted through the PET foil etched in the 9 M NaOH 

solution for the indicated times at 65°C 

With the etching, additional counts begin to grow at the higher energy side, gradually up to the FEP. 
Consequently, by increasing the etching time, also the ratio between the FEP and REP counts is growing. An 
interesting feature of the spectra, seen in Figure 1, is a gradual shift of the REP towards the higher energy. 
This is due to the step-like bulk etching (i.e., lowering of the film’s thickness). Using the Monte Carlo simulation, 
the shape of the emerging pore and the etched-out thickness of the foil can be calculated for all etching times. 
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A typical result of the simulation (with the overlapping ITS experimental spectrum) is shown in Figure 2a. From 
the given simulation follows that the shape of the pores is cylindrical with a diameter of 5 µm. Concerning the 
etching of the foil bulk in the 9 M LiCl solution, for etching temperature of 65 °C an etching rate of 117 nm per 
minute was determined, see Figure 2b. 

 
Figure 2 (left-a) Comparison of the ITS spectrum (measured on the PET foil etched for 30 minutes at 65 °C) 
with a Monte-Carlo simulation; (right-b) bulk etched-out thickness calculated by the Monte-Carlo simulation 

considering the REP position 

Similar results can be seen in Figure 3, where successive energy spectra for the PET foils etched for the fixed 
etching time and at different temperatures, are shown. From the Figure 3 it is clear that the condition of the 
55°C/15 minutes etching step is close to the threshold for the creation of the pass-through pores.  

 
Figure 3 Series of the ITS spectra for α-particles transmitted through the PET foils etched isochronally for 

the fixed time of 15 minutes and at different temperatures 

Using these data, a set of foils with incomplete pores (dips) was produced. This was achieved by one-side 
etching in the 9 M NaOH water solution with the fixed temperature of 50 °C and different times between 15 
and 60 minutes. These foils were then doped only on the etched side with the 5 M LiCl water solutions for 3 
hours, and then left to dry in controlled environment (at RT and lower relative humidity) for 48 hours. After the 
preparation, the samples were analyzed using the TNDP technique. The measurement was performed with 
the non-etched side of the foil faced towards the solid-state detector (Canberra PIPS). The Figure 4 shows 
the TNDP spectrum obtained for the sample etched time 45 minutes. In the spectrum, both alpha (α2051) and 
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triton (T2734) peaks are depicted, together with an additional (Topposite) peak that corresponds to tritons from the 
opposite (i.e., etched) side of the sample. This part is dominant, indicating that most of Li (43 %) was attached 
to the etched surface zone, a part of it in-diffused towards the surface zone of the non-etched side (37 %) and 
a smaller part was gathered inside the pores (20 %). Using the LIBOR code, the distribution of the Li atoms in 
the one-side etched foil was evaluated (Figure 5). One can see that Li was concentrated mainly on both 
(etched and non-etched) sides (or near both surfaces) of the foil with a certain amount resisting also inside the 
pores. Surprisingly, in the center part of the foil in the pores a certain elevation in the Li concentration is 
indicated. This is not clear, it can be related to the effect of free radicals created in the pores during etching, 
where the Li ions are trapped and reside there.    

 

Figure 4 The TNDP spectrum measured for the PET foil etched at 50°C for 45 minutes  
and doped with the 9 M LiCl water solution 

 
Figure 5 Simulation fitting performed by the LIBOR code on the TNDP spectrum shown in Figure 4 
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The Figure 6 reports on the distribution of Li in the samples, etched on both-sides isothermally at 50 °C for 
different time, and analyzed by TNDP. One can see that the concentration of Li in PET, etched for 15 and 30 
minutes, is the highest on both surfaces (and negligible in the pores). This can be assigned to the role of just 
emerging (incomplete) pores (dips), where Li can gather and reside. Surprisingly, however, the concentration 
on both sides is not even, and also the Li depth distribution is different. This fact is not clear, but it might be 
assigned to unequal etching process proceeding on both sides due to creation of slightly different radiation 
defects caused by slowing down Xe ions penetrating through the foil. The foils etched for longer time (45 - 60 
minutes) show the higher incorporation of Li inside the pores, and, to a certain surprise, a decline (loss) of Li 
on the surface. This effect can lead to a desirable process of the Li encapsulation in the pores.   

 
Figure 6 Depth profiles of Li in the PET foil, etched in 9 M NaOH obtained by the LIBOR code 

4. CONCLUSIONS 

The PET foils irradiated with swift heavy ions (157 MeV Xe, 106 Xe/cm2) were isochronally or isothermally 
etched in the 9 M NaOH water solution under a control regime (at 50 - 75°C for 5 - 60 minutes) and inspected 
by the Ion Transmission Spectroscopy (ITS). Partially, they were also doped with Li (in 5 M LiCl water solution 
for 3 hours, subsequently dried for 48 hours) and analyzed by noninvasive Thermal Neutron Depth Profiling 
(TNDP).  

The ion transmission study showed how the pores’ shape can be evolved (from the initially incomplete to the 
finally fully opened 3D form of a certain parameters) during the gradually etching process. In the present 
experiment, the pores could be developed into a cylindrical form with a large diameter of 5 µm within the high 
etching rate procedure. The study of the Li distribution in the PET porous foils pointed out on an interesting 
behavior of the Li incorporation into pores in their different developing stage. One could see that Li resides 
mainly on the surface of the foils after etching for the first several tens of minutes (for the etching temperature 
50°C), for longer etching time, however, Li penetrates into the pores massively and forms there a stock of Li-
based matter (obviously micro- and nano-particles). Surprisingly, on the surface of the etched foils a negligible 
amount of Li remains only. This process is interesting for a possible, desirable encapsulation of Li in the pores 
of thin polymers.  An important result is that there exists the possibility to manipulate the quantity and the 
position of the incorporated Li by changing of the etching parameters.  



Oct 17th - 19th 2018, Brno, Czech Republic, EU 

 

 

706 

Further information on study of etching process, control of the pore shape and filling of the pores with different 
materials (including Li-based nanoparticles) for possible future applications will be collected in next 
experiments.  
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Abstract 

This work deals with the preparation of platinum nanoparticles using ionizing radiation - accelerated electrons 
with energy 4.5 MeV produced by linear accelerator Linac-4-1200 Tesla VT Mikroel. Aqueous solutions 
of platinum chloride with Triton X-100 as a reducing and stabilizing agent were used. Solutions were irradiated 
with doses up to 20 kGy in 20 ml glass vials. Solutions containing platinum ions were colored from yellow to 
black color after irradiation, depending of the dose. This points platinum ions reduction and nanoplatinum 
formation. Irradiated solutions were monitored by UV/VIS spectrometry, photon cross-correlation spectroscopy 
to determine particles size and distribution, transmission electron microscopy and X-ray diffraction analysis to 
provide information on the forms of prepared nanoparticles. The effects of PtCl4 and Triton X-100 
concentrations and also dose deposited energy were studied. 

Keywords: Nanoplatinum preparation, electron irradiation, Triton X-100, micelles 

1. INTRODUCTION  

Nanoparticles have properties which differ from those of larger particles of the same substance as effects 
related to particles surface increase in significance. In recent years, many methods have been developed to 
prepare particles with specific sizes, morphologies and composition. Metal nanoparticles in particular are 
valued for their many and varied applications.  

Nanoplatinum usually occurs in the form of suspensions or colloids. Platinum nanoparticles have different 
shapes - spherical, rod-shaped, cubic or tetrahedral. Nanoparticle sizes range from 2 to 100 nm, and its size 
strongly depends on the method of preparation. Although nanoparticles are more or less the subject 
of research, they are used in the areas of catalysis, medicine and in the production of new materials of specific 
properties. This allows for its unique catalytic, magnetic and optical properties [1]. 

Regarding the catalytic properties NP are used for the reactions, such as for example hydrogen oxidation, 
methanol and ethanol oxidation, formic acid oxidation and oxygen reduction reaction. Regarding the catalytic 
properties, platinum is highly stable and has very good electrocatalytic activity in fuel cell reactions. Platinum 
catalysts also play a major role in chemical detection. These include, in particular, the use of platinum for the 
detection of carbon monoxide and oxides of nitrogen, oil refining and many others [1]. The optical properties 
of nanoparticle-based nanomaterials can be monitored using Raman spectroscopy. Unlike nanoparticles 
of other metals have a plasma peak in the visible spectrum; nanoplatinum particles have a plasma peak in the 
ultraviolet region around 215 nm [2]. 

The goal of this work is to mention the basic irradiation methods - notably electron beam, gamma radiation 
and UV photolysis - in which nanoplatinum can be generated from aqueous solutions of PtC4 in nonionic 
surfactants especially in Triton X-100 and to describe some of the physicochemical properties of the particles 
prepared. The most notable of these properties are the effects of the initial concentration of PtC4 and of the 
surfactant used on the subsequent concentration of nanoparticles prepared. 
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2. RADIOLYTIC PREPARATION METHODS 

During radiolysis of water conventional species such as H+, OH- and H2O2, as well as several species more 
reactive than regular chemical compounds, form [3] and are shown in equation 1. Species thus formed from 
water compose a majority of the products of ionizing radiation in solutions.   

H2O → eaq-, H+; •OH; H2; H2O2; H+; OH-             (1) 

For the reduction of silver ions several of these products are useful. Perhaps the best reducing agent due to 
its high standard redox potential is the hydrated electron (eaq-) with E0(eaq-/e-) = -2.9 V. These solvated electrons 
are thermalized and surrounded by oriented water molecules and are highly reactive. A second, weaker 
reducing agent - which gains significance with decreasing pH values - is the H• radical which forms according 
to the reaction in equation 5. It has a standard redox potential E0(H•./H+) of -2.3 V. 

eaq- + H+ → H. •                (2) 

The third highly reactive product is the hydroxyl radical •OH, which is a strong oxidizing agent. To be able to 
produce a reducing environment, the influence of •.OH radicals must be reduced To do this, a radical scavenger 
is chosen to transform the oxidizing •.OH radicals into reducing - if weak - radicals of the scavenger. The 
general scavenging equation is equation 6. Common scavengers include alcohols (equation 7), such as 
methanol, ethanol and propan-2-ol and format (equation 8). 

OH + RH → R• + H2O               (3) 

OH + RR/CHOH → RR/COH + H2O             (4) 

OH + HCOO- → COO- + H2O              (5) 

After this modification, the solvated electrons or various reducing radicals act to reduce the platinum ions. 

Use ionizing radiation to induce redox reactions has the advantage of a relatively simple relation between the 
dose and dose rate of irradiation and those which produce nanoparticle. Changes in the dose rate can modify 
the size; changes in the dose up to a certain level increase the concentration [4,5].   

3. STABILIZERS 

The high surface energy of platinum nanoparticles, which opens up so many new applications, also causes 
them to be unstable and have a tendency to form aggregates. To prevent aggregation, nanoplatinum must be 
stabilized in some way. Common methods include dispersing the particles in a gel] or adding a stabilizing 
substance which binds to the molecule. A simple separation and stabilization method which relies on physical 
rather than chemical bonds is the use of surface active substances, which stabilize the nanoparticles within 
micelles.  

Nonionic surfactants generally consist of a long polyoxide-ether chain, most commonly a polyethylene glycol 
either with an aliphatic and/or aromatic tail. The two surfactants used for our experiments are Triton X-100 and 
Brij L4 (also known under another trade name as Brij 30) and in the experiments described in this paper Triton 
X-100 was used. Triton X-100 is one of the trade names for 4-(1,1,3,3-Tetramethy(lbutyl)phenylpolyethylene 
glycol (see Figure 1), where the number of ethylene glycol groups averages between 9 and 10. In an aqueous 
solution with a pH of less than 8, it takes on the form of a symmetrical 95 700 u particle with a radius of gyration 
of 2.93 nm. Its critical micellar concentration is 0.2 - 0.9 mmol.dm-3 [6], which, given its average molecular 
weight of 625 g.mol-1, is equal to about 0:013 ± 0:056 w%. Brij L4 is the trade name used to refer to 
Tetraethylene glycol dodecyl ether [80] (see Figure 2). In aqueous solutions it is considerably less soluble 
than Triton X-100, due to its shorter ethylene glycol chain and is thus prone to forming emulsions rather than 
colloids. Its critical micellar concentration is about 10 mg.dm-3 [7,8]. 
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Figure 1 Triton X-100, n = 9-10 

 

Figure 2 Brij L4, n = 4 

Nonionic polyethylene glycol type surfactants were chosen not only for their suitable stabilizing character, but 
also for their radiation properties. They can act as radical scavengers, forming water and a radical on the first 
carbon (see equation 12) much like the diols described by Billany et al. [8]. The radical is then free to reduce 
silver ions in solution or adsorbed on the surface of a silver nanoparticle (n = 1, respectively n > 1 in 
equation 13). These reactions are analogous to the reaction with glycol by Soroushian et al. [9]. 

R-OH2CCH2OH + OH.• → R-OH2CC/HOH + H2O           (6) 

R-OH2CC/HOH + Pt+ R → •OH2CCHO + Pt0            (7) 

Where R = C12H25-(OCH2CH2)3 for Brij or t-Oct-C6H 4-(OCH2CH 2)x and x = 8 - 9 for Triton X-100. 

4. EXPERIMENTAL 

4.1. Chemicals  

Triton X-100 and PtCl4 were purchased from Merck. All chemicals purchased were analytical grade and were 
used without further purification. 

4.2. Sample Preparation 

Nanoplatinum in aqueous solution of surfactant was prepared at the desired concentration (2 wt.% for Triton 
X-100) by adding the liquid surfactant to water and continuously mixing it until a homogenous solution was 
formed in the case of Triton X-100. It usually took about one hour to prepare the desired solution. Solid PtCl4 
was then dissolved in the continuously stirred solution. Samples were stored in the dark to shield them from 
the effects of UV light present in natural sunlight. 

4.3.  Electron Irradiation 

A 10 mL sample of the prepared solution was then transferred into 10 or 20 mL ampoules, which were secured 
with parafilm. The ampoules were placed on a tray on the conveyor and irradiated with 4.5 MeV electrons from 
a linear accelerator with doses ranging from 1-32 kGy. The samples were placed on the tray all at once and 
irradiated until a sample was to be taken then irradiation resumed. If the jump between doses increased, then 
the dose rate was adjusted accordingly. An identical sample containing all the components except the platinum 
chloride was also irradiated at 24 kGy. This was then used as the standard for taking base readings 
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4.4. Instrumentation and Sample Evaluation 

UV-Vis Spectrometry. Absorbance at certain peaks serves to describe the concentration of individual species 
of platinum nanoparticles. To obtain Pt spectra, the measurements were performed   on a Cary 100 Conc 
double beam spectrometer from Varian, Inc.  (measurement range 190 - 900 nm). It uses a tungsten halogen 
lamp for visible light and a deuterium arc as the ultraviolet source and signals are captured on a R928 
photomultiplier tube. Analysis was done in the Cary WinUV control program. Samples were measured in fused 
silica cuvettes. Solutions were diluted with water to the concentration necessary to give an absorption in the 0 
- 1 range, where the Beer-Lambert law is valid. Standards were used at the same dilution 

Photon Cross-correlation Spectroscopy. (PCCS) in the configuration supplied by Sympatec - their 
NANOPHOX machine in combination with the WINDOX 5 software were used in the measurements. The 
NANOPHOX system uses a He-Ne laser with a wavelength of 632.8 nm with an adjustable position. Samples 
are kept in a thermostatic bath. In photon correlation spectroscopy the scattering of a beam of light on a particle 
is measured. Such scattering is used to detect the Brownian motion of particles which depends on 
temperature, the size and shape of the particle, as well as on other factors such as viscosity. 

Transmission electron microscopy was used to obtain sample images that could serve to compare the 
particles size of the sample and also to determine the shape of nanoparticles. Nanoparticle images were taken 
with the JEOL JEM 3010 transmission electron microscope, which includes so-called edox (for electron 
dispersion spectroscopy). High concentration samples for this electron microscope were diluted with distilled 
water and ethanol. They were then homogenized by ultrasound. Samples were plated on a copper plate, on 
the carbon-coated side and plates were placed in a holder, which was then inserted into an electron 
microscope and then pumping of the vacuum was started. In addition, cathode heating was switched on at 
2000 ° C. After the cathode was irradiated, it was possible to monitor the sample on the electron microscope 
shield. This image was digitized and transferred to the computer by cameras. The images were processed by 
Digital Micrograph. 

Rtg. structural analysis. The measurement was carried out on a 
Rigaku Miniflex 600 X-ray diffractometer. The x-ray source of this 
device is a copper X-ray tube with a nominal output of 1 kW, 
cooled by water from an external cooling circuit. For detection a 
NaI(Tl) scintillation detector with a beryllium window on a moving 
arm was used. The diffraction measurements were performed in 
a pseudo-continuous mode in the range of 10-80°. The sample 
was placed in the center of the goniometer in the stationary holder 
(recessed plate). The measured samples were processed using 
the PDXL 2 program. 

5. RESULTS AND DISCUSSION 

Appearance of irradiated samples is shown in the Figure 3 
Solutions containing platinum ions were after irradiation colored 
from yellow to black colour, depending of the dose. This points 
platinum ions reduction and nanoplatinum formation.   

5.1. UV-VIS Spectrometry 

UV/VIS spectra obtained by electron irradiation are in the 
Figure 4.  

Figure 3 Appearance of irradiated 
samples. The samples are sorted from 
the back to the front according to the 

increasing concentration: 1 mM PtCl4, 
2 mM, 5 mM and 10 mM and from left 

to right according to the increasing 
dose: 0, 4, 8, 12, 16 and 24 kGy 
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Figure 4 UV/VIS spektra for 10 mM PtCl4 solution (2 wt. % Triton X-100) irradiated by the doses 2-24 kGy 

5.2. Photon Cross-correlation Spectroscopy 

Some results obtained by PCCS are listed in Table 1. It concerns samples prepared from 1 mM PtCl4 solution 
in 2 wt.% Triton X-100 irradiated by the dose 2, 4, 6 and 8 kGy were measured.t 

Table 1 Particle size of samples 1 mM PtCl4 in 2 wt.% Triton X-100 irradiated by the dose 2, 4, 6 and 8 kGy 

Dose 
(kGy  

Particle Size 
(nm)  

kcps  

2 4.3 562 

4 5.3 1435 

6 4.6 680 

8 4.0 716 

5.3. Transmission electron microscopy 7 

Some results obtained by TEM are in the Figure 5. It concerns samples prepared from 0.5 wt. % Triton X-100 
+ 1 mM PtCl4 

 

Figure 5 Samples irradiated with a dose of 4 kGy - particle size 4.0 nm and with a dose of 6 kGy - particle 
size 4.6 nm. Aqueous solution of 0.5 wt. % Triton X-100 + 1 mM PtCl4  
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5.4. Rentgen diffraction analysis 

The resulting diffractogram is shown in the Figure 6. A sample containing 2 mM PtCl4 in 2 wt. % Triton X-100 
irradiated with a dose of 8 kGy was used. The figure shows the sample diffractogram (red line), the membrane 
diffractogram (green) and the resulting diffraction pattern of the sample and the membrane. According to the 
available database, platinum has diffraction peaks around the diffraction angles of 39.76°, 26.24° and 67.46°. 
In the Figure 6 the occurrence of these peaks indicates the presence of reduced platinum Pt0. 

 

Figure 6 The resulting diffractogram. Sample 2 mM PtCl4 in 2 wt.% Triton X-100, 8 kGy  

6. CONCLUSION  

The irradiation of samples with accelerated electron changed the original colour of the solution from yellow to 
black. This indicates the formation of nanoplatinum. 

The results of UV / VIS spectrophotometric measurements indicate that the nanoplantinum may be formed 
relative to the plasma peak around the wavelength of 215 nm. This peak, however, is not 100 % demonstrable 
due to the degradation of the UV / VIS spectrum in the UV area by the presence of Triton X-100. 

Results of transmission electron microscopy and photon cross correlation spectrometry indicate the platinum 
nanoparticles occurrence with size within the range of several nanometers. In addition to these nanoparticles, 
there were also larger particles likely to occur due to the aggregation of nanoparticles in larger units. These 
large particles, however, occupy a minority share. X-ray diffraction analysis results the presence of platinum 
diffraction peaks. 

These results demonstrate the possibility of radiation preparation of nanoplatinum in associative colloids 
represented by Triton X-100. For more accurate nanoplatinum identification, spectrum degradation in UV / VIS 
spectrophotometry by Triton X-100 is to be eliminated. 
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Abstract  

Monitoring and counting of the fine particles released during the temperature rise of the resorcinol-
formaldehyde polymer suitable for conversion to carbon aerogel are discussed in the poster. Carbon aerogel 
is produced by heat treatment under inert atmosphere. The presented approach combines the 
thermogravimetric analysis with detailed monitoring of the size distribution of fine particles produced. 
Thermogravimetric analysis (TGA) allows the exact temperature influence of the sample and identifies its 
weight loss. Aerosol stream leaving TGA enters a Scanning Mobility Particle Sizer (SMPS) where the particle 
size fractions are separated. A number of particles in the particles size fractions are identified by the 
condensation particle counter (CPC). Long-term use of Carbon Aerogels results in degradation of these 
materials and release of fine particles, which could be harmful to health. 

Keywords: Carbon, aerogel, thermogravimetrics, aerosol monitoring, fine particles 

1. INTRODUCTION 

Aerogel is a solid substance with the lowest known density. One cubic meter of the latest and lightest variation 
of this material weighs mere 1.9 grams. It is also called „solid smoke“ as up to 99.8 % of its volume is air. 
Aerogel is the only material with porosity over 95 % and a very wide pore distribution. The pores are open, i.e. 
gases or liquids can penetrate the material with minimal limitations. Aerogels have a low coefficient of thermal 
conductivity ranging from λ= 0.015 to 0.020 W/m.K [1,2]. Aerogels are used for catalytic reactions, production 
of microfiltration membranes, adsorbents etc. Thanks to high surface area, they can absorb toxic and oil 
substances found in water. Substances with high surface area, thermal stability and the ability to adsorb heavy 
metal ions from aqueous solutions are used as adsorbent materials. Aerogel is made by thermal removal 
of liquid from the substance. They are prepared through sol-gel polycondensation of suitable organic 
monomers such as resorcinol and formaldehyde producing organic gel. The solid structure formed in this way 
is filled with liquid phase which is replaced with air through drying. During this process, organic aerogel is 
created, and it subsequently becomes carbonaceous aerogel through pyrolysis, which allows a wide 
application spectrum as adsorbents, catalyst carriers or super-condensers. During its production, like during 
other processes subject to heat treatment, ultrafine particles are released including PM1 particles. Types 
of aerogels Oxides (Quarz, Titania, Zirkonia, Mixed oxides), Polymers (Resorcinol, Melamine-Formaldehyde), 
Carbon (pyrolysed Polymer), cellulose, starch, alginates, and almost everything that can be gelled [3,4,5]. 

2. SAMPLES AND MATERIALS 

To produce carbon-aerogel in our experiment we heated a sample of resorcinol-formaldehyde polymer in 
nitrogen internal atmosphere to 850 °C. During this process we monitored the weight loss of the sample using 
thermogravimetric analysis. At the same time, we detected emerging fine particles using SMPS (Scanning 
Mobility Particle Sizer). For comparison, we used a similar approach for a sample of pure carbon. 

Carbon aerogels are a unique group of artificially prepared carbonaceous materials, whose main component 
is air (95 vol.%) dispersed in their solid structure. Carbon aerogels are highly porous amorphous carbon 
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materials that are derived from organic aerogels. They consist of interconnected clusters of carbon 
nanoparticles with diameters ranging from 1 to 20 nm. To transform organic aerogels to their carbon form, a 
pyrolysis or carbonization process in an inert gas atmosphere (nitrogen, argon, or helium) at temperatures 
above 600 °C is necessary. Carbon can be included in many inorganic nanostructures to produce 
nanocomposites with considerably better electronic, chemical, thermal, and mechanical properties. Our 
sample was compressed from expanded graphite with carbon purity of 99.85 %. The sample was compressed 
into tablets [6,7]. 

3. EXPERIMENTAL SETUP 

3.1.  Thermogravimetric analysis (TGA) 

The laboratory procedure which was developed combines thermogravimetric analysis with detailed monitoring 
of the size distribution of the fine particles produced. Thermogravimetric analysis (TGA) allows monitoring the 
exact temperature influence of a small fuel sample according to the desired schedule. TGA also influences the 
composition of the atmosphere flowing around the sample. During the measurement, the entire module is 
inserted into a gas-tight laboratory furnace with controlled heating rate. In our case, the atmosphere was 
composed of pure nitrogen. During the experiment, TGA monitors the weight of the heated sample and 
identifies its weight loss. The result of the measurement is a TGA curve showing the weight change in 
dependence on the temperature of the sample. From a subsequent analysis of the graph drawings, it is 
possible to obtain information on the processes taking place in the sample such as endothermic and 
exothermic reactions, thermal decomposition of a particular substance etc. Gaseous substances released from 
the sample monitored in a TGA instrument are cooled to the ambient temperature and they leave through a 
hose attached to an SMPS device, where the number and size of fine particles are monitored.  

3.2. Scanning Mobility Particle Sizer (SMPS) 

Based on the electrical mobility diameter (DEM), we use the SMPS method (Scanning Mobility Particle Sizer) 
to measure the size of particles and their concentration. Such an apparatus consists of an impactor for 
separation of particles larger than PM10, and a neutralizer for electric charge redistribution, a DMA and a CPC. 
DMA - Differential Mobility Analyzer is used for particle classification based on electric mobility. It consists 
of two cylinder-shaped electrodes. The particles fly into the interspace of the electrodes and based on the 
height of the voltage and the particle charge, the SMA device releases monodisperse aerosol. CPC - 
Condensation Particle Counter is a device for detecting the number of monodisperse particles. The particles 
are too small to be detected using the optical method.  That is why the particles first go through saturated 
butanol vapours. Then they are cooled, and they grow to the size of over 1 µm, which allows their optical laser 
detection (Figure 1). 

 
Figure 1 Experimental setup - on the left: Thermogravimetric analysis; on the right - an SMPS device 
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The SMPS device provides the number of fine particles and their size distribution in one-minute intervals. In 
this experiment, we detect particles whose size ranges from 18nm to 533nm. The minute particle distributions 
are shown in the colour diagram with temperature curves, sample weight and derivation (DTG) for a clearer 
display.  

4. RESULTS 

Samples of resorcinol-formaldehyde polymer and pure carbon differed in weight, but they were heated under 
the same conditions of inert nitrogen atmosphere at the speed of 15 Kelvin per minute to the temperature 
of 850 °C as shown in the Table 1. 

Table 1 Properties of the samples examined and their weight change 
 

Aerogel Carbon 

Original sample weight 93.47 mg 584.74 mg 

Weight after heating 40.04 mg 565.86 mg 

Residual mass  42.84 % 96.77 % 

Temperature of the largest weight loss 273 °C 200 °C 

Temperature increase 15 °C / min 

Maximum temperature / endurance  850 °C / 4 hours 

As Figure 2 shows, the change in the carbon sample is minimal, only to 96.8 % of its original weight. This 
proves that in higher temperatures in inert atmosphere pure carbon compressed from expanded graphite is 
stable. The DTG curves do not show a significant weight loss, which confirms that under these conditions there 
are no significant exothermic or endothermic reactions taking place in the graphite sample. We suppose that 
the slight weight loss is mainly caused by the release of moisture bound in the carbon sample.  

 

Figure 2 Diagram of fine particle production in time with temperature, weight loss and DTG for carbon curves  

The production of fine particles was also minimal compared with the resorcinol-formaldehyde polymer and it 
already started at 110 °C. Mainly small size particles of up to 200 nanometres are produced in the nucleation 
and condensation modes. The maximum particle concentration was approximately 1.00E+08 particles per cm3.  

For the resorcinol-formaldehyde polymer, the weight fell as low as 40 % of the original weight after the sample 
was heated. A significant weight reduction occurred at around 100 °C. However, the most considerable weight 
loss occurred between 300 °C and 600 °C.  
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Figure 3 Diagram of fine particle production in time with temperature, weight loss  
and DTG for resorcinol-formaldehyde polymer curves  

The production of fine particles monitored using the SMPS method was the most significant at temperatures 
ranging from 200 to 800 °C. The highest concentration of fine particles was detected at around 400 °C, 
specifically up to 9.00E+08 particles per cm3.  

 
Figure 4 Comparison of the TGA and DTG curves for resorcinol-formaldehyde  

polymer (blue) and carbon (purple) 

CONCLUSION 

In this experiment, we monitored the behaviour of a heat-affected sample of resorcinol-formaldehyde polymer, 
which is the input product in the production of aerogel, in comparison with pure carbon. The new SMPS particle 
detection method was used, and weight loss was monitored using TGA analysis. We discovered that the 
production of ultrafine particles is higher for RF than for pure carbon and the particles also differ in size. The 
RF sample shows residual weight of 43 % after heat treatment, which is a considerable difference in 
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comparison with pure carbon (96 %). Fine particles produced during combustion and heat treatment of various 
products are a current issue. Their presence in the atmosphere may have a serious impact on human health, 
especially the respiratory system. 
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Abstract 

Phase transformation during hydrogen sorption was investigated in ten chosen magnesium-based hydrogen 
storage (HS) materials. Chemical composition of the materials consisted of Mg, as a principal hydrogen-
binding element, additive X and amorphous carbon (CB), as an anti-sticking component. In order to assess 
the effect of X itself upon the structure, values of concentration of both X and CB were fixed to about 12 wt. %. 
The influence of X = Mg2Si, Mg2Ge, Mg17Al12, Mg5Ga2, NaCl, LiCl, NaF, LiF and two combinations Ni+Mg17Al12 
and Ni+Mg2Si upon the changes in phase composition was tested. Phase content in HS materials was 
observed (i) after the intensive ball milling (BM), (ii) after the BM followed by hydrogen charging at 623 K and 
(iii) after the BM and one hydrogen charging/discharging cycle (C/D) at temperature 623 K. The study was 
carried out by SEM and XRD. It was found that, the C/D is approximately structurally reversible for X = Mg2Ge, 
Mg17Al12, NaF and LiF. However, additives X = Mg17Al12 and NaF decompose already during the BM. In alloys 
with combination of Ni with Mg17Al12, new phases NimAln are formed. Phase composition changed during C/D 
for X = Mg2Si Mg5Ga2 and Ni+Mg2Si due to equilibration of phases composition. Observed structure changes 
of HS materials with chloride ionic additives NaCl and LiCl are, most likely caused by the relatively strong 
affinity between Mg and Cl. Hydrogen storage capacity of all studied alloys was 6.0 ± 0.3 wt. % H2.  

Keywords: Hydrogen storage, Mg alloys, carbon black 

1.  INTRODUCTION 

Mg-based alloys are promising materials for HS applications [1,2]. The principal HS phase in alloys of this type 
is MgH2 hydride. This phase shows high HS capacity (7.7 wt. % H2) and excellent cycling behavior. The 
substantial drawback is its high thermodynamic stability, which implies high operation temperatures (starting 
from approximately 573 K). Much research work was devoted to decrease the high stability of MgH2 [see, e.g., 
in 3], i.e. to increase hydrogen pressure in equilibrium, peq, above the Mg hydride. This would shift working 
temperatures of HS reservoirs down to desired values (to some 400 K). However, this proved to be an 
extraordinary difficult task. After a considerable research effort, only moderate success was reached in this 
respect. Instead of improvement of the hydrogen sorption dynamics, rather an acceleration of sorption process 
stands in the focus of research groups in the last years. of course, the two aspects are closely interconnected, 
but the smoothing the kinetic paths of the process seem to be easier task then to affect effectively the driving 
forces. The main ways how to achieve the target seem to be the catalysis of partial sorption steps [4] and 
nanosizing [5].   

In the present work, structure of ball-milled (BM) HS blend of Mg with chosen additives during the C/D cycle 
was investigated. Five types of additives were tested: (i) Mg intermetallics formed by two elements from 13th 
group (Mg2Ge, Mg2Si), (ii) by two elements of 14th group (Mg5Ga2, Mg17Al12), (iii) additives formed by two 
combination Ni+Mg17Al12 and Ni+Mg2Si (iv) two simple fluorides with Na+ and Li+ (NaF, LiF), and (v) two 
chlorides with the same kations (NaCl, LiCl). Expectation of beneficial effect of the intermetallics with elements 
from 13th and 14th group upon the C/D kinetics was based on results published in [6], synergy of those elements 
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and Ni can be expected with regard to results from [7] and improvement of C/D kinetic by anions F-, Cl- and/or 
cations Na+, Li+ may be expected from results published in [8-10]. Sufficient nanosizing of the BM blend was 
assured by introduction of carbon black (CB) [11]. 

2.  EXPERIMENTAL 

Samples were made from pure components Mg(purity: 3N8), Ge(5N), Si(6N), Ga(4N), Al(5N), Ni(3N), LiF, LiCl, 
NaF, NaCl (all halides >2N) and CB (2N). Intermetallics Mg2Si and Mg2Ge were prepared by mechanical 
alloying in form of powders. Compounds Mg17Al12 and Mg5Ga2 were induction melted in pure Ar(4N) and 
grinded into form of splinters and halides and CB were purchased as fine powders. All the additives were 
mixed with splinters of Mg and ball milled (BM) in hydrogen atmosphere (6N) using Fritsch Pulverisette6 ball-
mill. Two HS samples were prepared with admixture of fine powder of Ni. The mass ratio of the milling balls to 
the milled blend was about 60 and the milling cycle - 10 min milling/50 min cooling - was repeated 90 times. 
Hydrogen charging under pressure p = 2.5 MPa and discharging was carried out using Sieverts-type gas 
sorption analyzer PCT-Pro Setaram Instrumentation at constant temperature 623 K. All manipulations of the 
milled blend were done in the glove box in protective Ar atmosphere. Nominal chemical composition of ball 
milled batches is listed in Table1. 

Table 1 Experimental samples 

Sample 
label 

Nominal composition of batch (wt. %) Chemical composition (wt. %) 

Si 76.36 Mg - 10.25 Mg2Si - 13.39 CB 81.79 Mg - 4.82 Si - 13.39 C 

Ge 75.28 Mg - 12.61 Mg2Ge - 12.11 CB 80.32 Mg - 7.57 Ge 12.11 C 

Al 76.58 Mg - 10.40 Mg17Al12 - 13.02 CB 82.48 Mg - 4.5 Al - 13.02 C 

Ga 81.61 Mg - 10.91 Mg5Ga2 - 7.48 CB 86.72 Mg - 5.80 Ga -7.48 C 

NiSi 71.87 Mg - 3.26 Ni - 12.47 Mg2Si - 12.40 CB 79.76 Mg - 3.26 Ni - 4.58 Si - 12.40 C 

NiAl 72.37 Mg - 2.53 Ni - 12.84 Mg17Al12 - 12.31 CB 79.82 Mg - 2.53 Ni - 5.39 Al - 12.31 C 

LiF 74.04 Mg - 13.18 LiF - 12.78 CB 74.04 Mg - 3.35 Li - 9.65 F 12.78 C 

NaF 74.81 Mg - 12.41 NaF - 12.78 CB 74.81 Mg - 6.81 Na - 5.60 F - 12.78 C 

LiCl 75.94 Mg - 11.57 LiCl - 12.49 CB 75,94 Mg - 1.89 Li - 9.68 Cl - 12.49 C 

NaCl 74.61 Mg - 12.99 NaCl -12.40 CB 74.60 Mg - 5.20 Na -7.80 CL - 12.40 C 

Phase composition of samples was obtained by XRD with the help of the X'Pert Pro MPD device using CoKa 
radiation and the results were interpreted (Rietveld analysis) with the HighScore Plus SW and ICSD databases. 
Accuracy of phase composition was about 1.5 wt. %. Morphology of milled samples, average chemical 
composition and chemical maps were observed by SEM TESCAN LYRA3 equipped with X-max80 EDS in the 
area approximately 300 × 500 μm containing about 102 grains.  Accuracy of average concentration 
of substitution elements (except for Li) was within 1.5 wt%. 

Due to considerable uncertainty in estimation of content of amorphous phase (AM) by XRD, cAM, the value 
of cAM was fixed to known concentration of CB, cCB, and, due to similar reasons, for the carbon concentration, 
cC, in SEM analyses, the known value cAM = cC was taken (see Table 1). Concentration of hydrogen was 
measured by sorption experiment (cH = 6.0 ± 0.3 wt. % H2 in all cases). For Li concentration, cLi, in LiF-
containing samples the value cLi = 0.36537 × cF and for, cLi, in LiCl-containing samples the value cLi = 0.1957 
× cCl was taken, where concentrations cF and cCl were obtained by SEM. 
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3.  RESULTS AND DISCUSSION 

3.1.  Morphology 

Morphology of all samples after the BM, its change after C and after the D steps follows very similar evolution 
scheme. It can be illustrated by the sample Ge. The structure of Ge after BM is shown in Figure 1a, where 
relatively smooth grains of size typically between 5 and 50 μm can be seen.  These grains composed 
principally of solid solution (Mg) transform during C to hydride phase and their appearance becomes 
fragmented - Figure 1b. After D, when the hydrided phase(s) transformed back to hydride-free components, 
the fragmented structure persists and, moreover, additional transversal cracks of great grains appear - 
Figure 1c. 

 
a             b          c 

Figure 1 Typical morphology of samples after BM (a), C (b) and D (c). Sample Ge. 

Fine bright particles of size about 1 μm (for Ge, see in Figure 1a) were identified as impurities with traces of Ti, 
Al, W and Fe. Concentration of these elements, was lower than 1 wt. %, and therefore it was neglected in SEM 
analyses. 

3.2. XRD measurements 

XRD patterns were measured for each sample in BM, C and D states. The obtained data could be classified 
qualitatively into two considerably different groups. The first typical behavior can be described by the scheme: 
cAM in BM ≅ cAM in C ≅ cAM in D with cAM ≅ cCB (cAM stands for concentration of amorphous phase from SEM 
analysis, cCB is known concentration of carbon black). This type of behavior was observed in all alloys except 
for chloride-containing samples. The samples modified by chlorides (LiCl and NaCl) on the other hand, formed 
the other group where the measured content of AM was very high, especially in BM and D. The typical XRD 
patterns are exemplified in Figure 2 for Mg2Ge and NaCl. No carbides were detected in any sample; the 
components, which content was below 1 % were neglected.  

 
Figure 2 Two types of XRD patterns (exemplified by Ge and NaCl) in states BM (a), C (b) and D (c). 

1-(Mg), 2-Mg2Ge, 3-MgH2, 4-NaCl. Patterns in color in (c) - magnesium chlorides [13]. 
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3.3. Observed structure transformations - survey of results and discussion 

Sample Si. After BM (phases: 79(Mg)-4Mg2Si-2Si-2αMgH2-13AM; elements: 84Mg-3Si-13C), Si was present 
both as regularly dispersed fine particles of Mg2Si and as scattered elemental Si in the form of particles of size 
up to 1 μm. Separate XRD analysis of ball milled blend Mg+Si showed that the BM produced Mg2Si compound 
only up to about 21 %. This explained observed differences between nominal and measured phase 
composition in Si sample. Presence of αMgH2 is a consequence of BM in H2. Chemical analysis agreed well 
with the nominal values (Table 1) within 3 wt.% (2×1.5 %). Carbon was distributed regularly. After C (78αMgH2-
9 Mg2Si-13AM; 78Mg-3Si-13C-6H), low-pressure alpha hydride phase appeared, all elemental Si reacted with 
Mg and formed particles Mg2Si (size up to 2 μm). In D state (76(Mg)-11 Mg2Si-13AM; 84Mg-3Si-13C), particles 
Mg2Si (size up to 2 µm) persisted. 

Sample Ge. After BM (75(Mg)-12Mg2Ge-13CB; 81Mg-7Ge-12AM), Mg2Ge particles (~5 μm) were observed, 
C was uniformly distributed, chemical concentration agreed with nominal composition. After C (70αMgH2-
11Mg2Ge-7(Mg)-12AM; 78Mg-5Ge-11C-6H), Mg2Ge particles become less distinctly confined. After D 
(75(Mg)-13Mg2Ge-12AMB; 83Mg-5Ge-12C), the original state was restored. 

Sample Al. After BM (83(Mg)-3Mg1.95Al0.05-1MgH2-13AM; 82Mg-5Al-13C), no Mg17Al12 phase was detected. It 
seems that it was decayed during BM and the products entered (Mg) phase. Al is distributed approximately 
uniformly; slightly higher Al concentration can be detected in Mg1.95Al0.05 particles (size between 1 and 10 µm). 
After C (74αMgH2-13(Mg)-13AM; 79Mg-3Al-12C-6H), low-pressure hydride αMgH2 appeared, presence 
of (Mg) solid solution is a consequence of incomplete charging. After D (86(Mg)-1MgH2-13AM; 82Mg-5Al-
13C), the state observed before after BM was restored. 

Sample Ga.  After BM (86(Mg-14AM; 86Mg-7Ga-7C), all components were uniformly scattered. Mg5Ga2 phase 
decomposed during BM and the decay products entered the AM and partly also the (Mg). After C (86βMgH2-
4Mg5Ga2-3Mg2Ga-7AM; 85Mg-2Ga-7C-6H), one of high pressure phases [12] was formed (β). Loci (~1µ) with 
significantly higher concentration of Ga were observed, which were identified as two MgmGan phases. They 
precipitated from AM. After D (85((Mg)-8Mg5Ga2-7AM; 88Mg-5Ga-7C), Mg5Ga2 particles persisted. 

Sample NiSi. After BM (77(Mg)-4Mg2Si-1Ni-2Si-5αMgH2-12AM; 80Mg-4Ni-4Si-12C), Si particles (~2 µm) that 
anti-coincided with Mg were observed. Mg2Si not completely formed (similarly as in sample Si above). After C 
(76αMgH2-1(Mg)-10Mg2Si-1Ni-12AM, 77Mg-2Ni-3Si-12C-6H), Formation of Mg2Si phase completed (particles 
~2-3 µm). After D (74(Mg)-13Mg2Si-1Mg2NiH3.8-12AM; 81Mg-3Ni-4Si-12C), particles of Mg2Si were restored, 
trace amount of ternary Mg-Ni hydride (particles ~3 µm) was a residuum after the C. 

Sample NiAl. After BM (85(Mg)-1Ni0.89Al1-1Ni-1αMgH2-12AM; 80Mg-3Ni-5Al-12C), the Mg17Al12 decayed and 
the residuals entered (Mg). After C (82αMgH2-1(Mg)-5N2Al3-2AM; 77Mg-2Ni-3Al-12C-6H), Mg was mostly 
bound in MgH2, Sporadic Mg particles were also observed. Al was scattered uniformly; no localized phase 
particles composed of Ni, Al and Mg were observed. Diffuse coincidence between Al and Ni seems to be more 
pronounced than that between Al and Mg. After D (83(Mg)-4Ni2Al3-1NiAl-12AM; 80Mg-3Ni-5Al-12C), new-
formed phases NimAln replaced completely originally introduced phase Mg17Al12 in hydrogen-free sample. 

Sample LiF. After BM (75(Mg)-12LiF-13AM; 75Mg-3Li-9F-13C), Small particles LiF (~3 μm) were observed 
on the surface of great Mg grains. C was scattered uniformly. After C (83βMgH2-2LiF-2(Mg)-13AM; 68Mg-4Li-
10F-12C-6H), the identity of LiF phase remained even after the hydrogen charging. One of high pressure 
phases of MgH2 (β phase) was formed by BM. (Mg) phase was a consequence of incomplete charging. After 
D (75(Mg)-11LiF-1MgH2-13AM; 73Mg-4Li-10F-13C), the original state observed after BM was almost exactly 
restored. 

Sample NaF. After BM (80(Mg)-7NaMgF1.17H1.83-13AM; 75Mg-6Na-6F-13C), NaF decomposed during BM and 
the decay products entered the (Mg) phase. A small fraction of ternary hydride was formed. All chemical 
components are scattered uniformly. After C (84βMgH2-1NaMgH3-2(Mg)-13AM; 74Mg-5Na-3F-12C-6H), high 
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pressure hydride βMgH2 was formed, ternary hydride changed its composition and F remained solved in major 
phases. After D (80(Mg)-7NaMgF1.17H1.83-13AM; 79Mg-4Na-4F-13C), the original state was approached, 
observed after BM. 

Sample LiCl. After BM (73(Mg)-11LiCl-4βMgH2-12AM; 76Mg-2Li-10Cl-12C), both phase and chemical 
composition agree approximatelly with nominal values; high pressure βMgH2 was formed. After C (72αMgH2-
15Li-1(Mg)-12AM; 67Mg-2Li-12Cl-12C-6H), LiCl was found completely decayed. Cl entered hydride phase 
and Li precipitated in elemental form. After D (2(Mg)-98AM; 73Mg-2Li-12Cl-12C), AM phase grew significantly. 
It was most likely due to interaction of Cl with Mg [13] that produced finally extremely fine (almost amorphous) 
phase. Positions of chlorides lines are plotted in Figure 2c. In case of fine structure they may broaden and 
superimpose over LiCl pattern. In results, they may be involved in overall AM phase. 

Sample NaCl. After BM (77(Mg)-8NaCl-3αMgH2-12AM; 75Mg-5Na-8Cl-12C), NaCl phase was found partly 
decomposed; the decay products entered (Mg) phase. After C (74αMgH2-9NaCl-5Mg-12AM; 70Mg-5Na-7Cl-
12C-6H), NaCl phase remained also after hydrogen charging. After D (10(Mg)-90AM; 74Mg-5Na-9Cl-12C), 
NaCl phase decayed and the transformation products entered the phase that behaves as AM. AM contains 
also prevailing fraction of Mg. Most likely, this is a result of fragmentation of MgH2 into very fine particles during 
interaction of Mg with Cl - reasoning is similar as in the case of sample LiCl. 

3.4. Observed structure transformations - summary 

Chemical composition of all samples in states BM and D are reasonably equal to elements nominal 
concentrations in milling batches. In sample Ge, the added phase Mg2Ge is unaffected by C/D cycle. In 
samples Si and NiSi the phase Mg2Si behaves similarly to Mg2Ge - its lower content in the BM state is caused 
by its incomplete formation in the beginning of the C/D cycle. Phase Mg17Al12 in samples Al and NiAl decayed 
already during BM and does not reform during D. Moreover, Al from decayed Mg17Al12 forms very stable phases 
NimAln in sample NiAl. Added phases in samples Ga and LiF decay during BM, but during D, they are (partly) 
reformed. In samples NaF, LiCl and NaCl the added phases decay during BM, but they do not restore in D 
state. In samples LiCl and NaCl, significantly high fraction of AM was observed after the C/D cycle. Hydrogen 
charging of samples with halides and with Mg5Ga2 led to a formation of high pressure phase of Mg hydride 
(βMgH2).  

4.  CONCLUSION  

Different structure evolution schemes were observed in Mg-based HS mixtures modified by chosen admixtures 
that could be effective in HS behavior. It was found that composition modified by combination of Ni and 
Mg17Al12, forms NimAln phase(s), which decreased their beneficial catalytic effect.  On the other hand, admixture 
of halides (NaF, NaCl, LiF and LiCl), especially chlorides that support formation of AM, may be good 
components of HS Mg-based alloys. Sorption experiments that may support these conclusions are running. 
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Abstract 

There are many methods that allow detection of complex analytes such as soil contaminants and explosives, 
which can be dispersed in the various of liquid and solid. Nevertheless, it remains a challenge to create a lab-
on-a-chip (LoC) platform for on-line detection of small analytes volumes (below the few femtoliters), with high 
sensitivity, specificity and reliability. It is expected that the combination of microfluidics and plasmonic will 
create a highly sensitive and affordable lab-on-a-chip platform for the solving of above mentioned challenge. 
The proposed approach will utilize the unique advantages of microfluidics that explore and uses unusual 
behavior of microscale-restricted liquids and surface-enhanced Raman analytical method, which is able to 
recognize the single molecule of the targeted analyte. In this work, we demonstrated the model of a microfluidic 
micromixer incorporating with a plasmon active substrate. The design and realization of proposed 
experimental concept include the solving of following tasks: (i) utilization of Comsol software for mathematical 
simulation of possible processes in microfluidic mixer; (ii) preparation of microfluidic platform using 3D printing; 
(iii) application of excimer UV laser large-scale patterning and local gold deposition for creation of plasmonic 
active area. Our LoC platform allows detection of model analyte (R6G) at concentrations down to 10 fM (10−15 

mol⋅L−1). Proposed unique features are the key to new scientific experiments and innovations in the field of lab-
on-a-chip devices and analytical approaches. 

Keywords: Lab-on-a-chip, SERS, R6G, 3D printing, microfluidics system 

1. INTRODUCTION 

In recent years, many advances in science are associated with a reduction in the size of various analytical 
devices and the improvement of their characteristics [1-4]. One of the more promising trends in this area is 
microfluidic-based analytical platforms. Utilization of microfluidic allows managing the small volumes of liquids 
(of the order of micro-and nanoliter). Moreover, the microfluidics made it possible to develop a new class 
of devices - so-called lab-on-a-chip complex arrangement (LoC) [5-7]. The use of LoC modules in medicine, 
biology, pharmaceuticals, industry and other fields opens the new opportunities for significantly reducing the 
cost, complexity and timing of various analyzes and scientific research. Development of LoC can be closely 
attributed to the utilization of surface enhanced Raman spectroscopy (SERS). The SERS phenomenon is the 
result of localized surface plasmon resonance (LSPR). LSPR arises due to the excitation of a collective 
oscillation of electrons inside a metallic nanostructure induced by incident light, which leads to a huge optical 
amplification of the near field near the surface of metal nanostructures [8, 9]. It has been scientifically proven 
that the surface geometry of metallic nanostructures (size, shape, periodicity) [10-12] affects the intensity and 
distribution of the electromagnetic field on SERS substrates. This in its own way leads to the creation of a “hot 
spot” effect. Such a structure can be a nanoscale lattice. 

So, SERS can be considered as a fundamental method for chemical analysis of small materials amounts, 
since it can be used to detect analytes adsorbed on metal structures at low concentrations [13-16]. The first 
priority to create the effective SERS-based component of microfluidic device is to increase the sensitivity of the 
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SERS signal, which can be implemented in a combination of Raman scattering and microfluidics. In this paper, 
we propose novel technique for the fabrication of periodic metal grille inside 3D microfluidic channel using 
femtosecond laser processing. The resulting 3D microfluidic SERS chip was tested using the model analyte 
(R6G). The results show that the microchips developed by us can work as 3D microfluidic SERS chip for super-
sensitive online measurements with high performance. 

2. EXPERIMENTAL 

2.1.  Materials 

3D microfluidic model was formed with polymer Clear resin (purchased from Formlabs, USA). Isopropyl alcohol 
(≥98.5 %), deionized water, Rhodamine 6G (R6G) were purchased from Sigma-Aldrich and used without 
further purification. The target for Au deposition (purity of Au was 4 N) was purchased from Safina.  

2.2.  Sample preparation 

The 3D model was made using 3D printing (the model is shown in Figure 1). Model for printing was performed 
in the program COMSOL Multiphysics. After the model printing the created samples were irradiated by UV-
source for 30 min and dried at 24° C for 2 h. 

 

Figure 1 The 3D model of microfluidic chip, used for further 3D printing and deposition of surface plasmon-
polariton areas 

Grating preparation 

Polymer films (Solution of epoxy resin, photoresist Su-8, purchased from Microchem, Germany) were spin-
coated (1000 rpm, 10 min) from a solution onto 3D microfluidic SERS chip surface. The prepared samples 
were dried at 60°C for 24 h, irradiated by UV-source for 30 min and annealed at 90°C for 2 h. Pattering 
procedure of Su-8 film was performed using the excimer laser irradiation (KrF excimer laser, COMPexPro 50F, 
Coherent, Inc., wavelength 248 nm, pulse duration 20-40 ns, repetition rate 10 Hz) [15]. The laser beam was 
polarized linearly with a cube of a UV-grade fused silica with an active polarization layer. The samples were 
irradiated with 3000 laser pulses with laser fluencies above 9 mJ cm-2. The angle of laser beam incidence with 
respect to the sample surface normal was 45° and the periodic surface structures were created on the Su-8 
surface with 1×2 cm2 patterned area size. The Au was deposited onto a patterned surface by vacuum 
sputtering (DC Ar plasma, gas purity of 99.995 %, a gas pressure of 4 Pa, a discharge power of 7.5 W, 
sputtering time 200 s, resulted thicknesses 25 nm). The deposition of Au was accomplished from Au target 
(purity of 99.99 %, provided by Safina, Czech Republic). 

Surface measurement techniques 

For characterization of sample surface, the peak force AFM technique was applied. Surface mapping was 
performed with Icon (Bruker) set-up on the areas of 8×8 µm2. 
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Microfluidic SERS investigations- concentration dependence 

In the 3D microfluidic SERS chip was to filed water solutions of R6G in different concentrations 10-6 M, 10-8 M, 
10-10 M, 10-12 M, 10-14 M and the SERS response was on-line collected from the gold grating surface. Raman 
scattering was measured on portable ProRaman-L spectrometer (Laser power 20 mW) Raman spectrometer 
with 785 nm excitation wavelengths. Spectra were measured 120 times, each of them with 3 s accumulation 
time. 

3. RESULTS AND DISCUSSION 

The morphology of excimer-created gold grating was measured using the AFM technique and typical periodical 
surface pattern is presented in the Figure 2A. As is evident the surface topography represents a well ordered 
grating array, with sinusoidal shape. As was proven in our previous work such geometry of metal surface is 
favorable for the excitation and propagation of so-called surface plasmon-polariton. At the other word, photon 
entrapping the metal grating surface will lead to the appearance of plasmon waves, which focused the light 
energy near the surface and allow the efficiently exciter the SERS phenomenon. To evaluate the SERS 
performance of nanostructure the 
typical Raman analyte, R6G was used. 
In particular, the SERS spectra were 
acquired in the microfluidic chip at 
ambient temperature, using a 
customized microscopic Raman 
spectrometer equipped with a 780 nm 
excitation laser and a spectrometer 
grating having 500 grooves per mm. 
During the test, the R6G solutions 
of varied concentration were loaded into 
a syringe and then injected into the 
microfluidic microchannel with SERS 
active area using a syringe pump. 
(Figure 2B) Figure 2C shows the typical 
SERS spectra of R6G solutions of with 
different concentrations (from 10-6 to 10-

14 mol⋅L−1). Characteristic R6G SERS 
bands can be clearly distinguished in the 
Figure 2C: 605, 771, 1185, 1310, 1355, 
1505, 1602, and 1645 cm -1 are 
identified [17]. As can be expected the 
intensities of the peaks of Raman 
scattering gradually decrease with the 
decreasing of R6G concentration The 
SERS signal becomes almost 
unnoticeable at a concentration below 
10-14 mol⋅L−1. 

The enhancement factor (EF) of the 
SERS signal was determined by 
calculating the analytical gain using the 
following equation: (EF) = (Isers * Nref)/(Iref 

* Nsers) [18] (10-6 M concentration of the 

Figure 2 A) The photo of SERS-active microfluidic chip and 
the AFM-characterized periodic metal grating surface; B) the 

experimental setup used to perform the on-line SERS 
measurements in the microchannel; C) Raman spectra of R6G 
water solutions with varying concentrations, measured using 

proposed microfluidic SERS-active chip. 
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R6G solution was used). The ISERS and Iref are the Raman intensities from the sensor and a reference 
measurement from a bulk sample; NSERS and Nref are the number of molecules contributing to the 
corresponding Raman intensity, respectively. In our case, calculations were made for a microfluidic SERS chip 
with and without a grid. Since the molecule numbers are the same in our case, the Raman intensities were 
used directly for SERS EF calculations. To determine the EF parameter, a peak of 1355 cm-1 was chosen and 
the EF was found to be equal 108. So, in our case, the microfluidic SERS chip with a lattice shows a pronounced 
enhancement of SERS in the combination with the possibility to analyze the small samples volume. 

4. CONCLUSION 

In this paper, we proposed a novel technique for the fabrication of plasmon-active SERS component inside 3D 
microfluidic channel using femtosecond laser surface pattering, followed by the deposition of thin metal film. 
An experimental model of a microfluidic channel was made using 3D printing. The created structures were 
applied for real‐time surface‐enhanced Raman spectroscopy (SERS) measurements of small samples 
volumes. Created microfluidic SERS platform allows detection of model analyte (R6G) at concentrations up to 
10 fM (10−15 mol⋅L−1). Proposed unique features are the key to new scientific experiments and innovations in 
the field of lab-on-a-chip devices and analytical approaches. 
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Abstract  

Nano-sized materials become irreplaceable component of a number of devices for every aspect of human life. 
The development of new materials and deepening of the current knowledge require a set of specialized 
techniques - deposition methods for preparation/modification of the materials and analytical tools for proper 
understanding of their properties. A thoroughly equipped research centers become the requirement for the 
advance and development not only in nano-sized field. 

The Center of Accelerators and Nuclear Analytical Methods (CANAM) in the Nuclear Physics Institute (NPI) 
comprises a unique set of techniques for the synthesis or modification of nanostructured materials and 
systems, and their characterization using ion beam, neutron beam and microscopy imaging techniques. The 
methods are used for investigation of a broad range of nano-sized materials and structures based on metal 
oxides, nitrides, carbides, carbon-based materials (polymers, fullerenes, graphenes, etc.) and nano-laminate 
composites (MAX phases).  

These materials can be prepared at NPI using ion beam sputtering, physical vapor deposition and molecular 
beam epitaxy. Based on the deposition method and parameters, the samples can be tuned to possess specific 
properties, e.g., composition, thickness (nm - μm), surface roughness, optical and electrical properties, etc.  

Various nuclear analytical methods are applied for the sample characterization. RBS, RBS-channeling, PIXE, 
PIGE, micro-beam analyses and Transmission Spectroscopy are accomplished at the Tandetron 4130MC 
accelerator, and additionally the Neutron Depth Profiling (NDP) and Prompt Gamma Neutron Activation 
(PGNA) analyses are performed at an external neutron beam from the LVR-15 research reactor. 

The multimode AFM facility provides further surface related information, magnetic/electrical properties with 
nano-metric precision, nano-indentation, etc.  

Keywords: LEIF, MBE, AFM, PVD, Ion Beam Analysis, Ion scattering, NDP, Microbeam 

1. INTRODUCTION 

Nanostructured materials with a characteristic length scale of which is below 100 nm, have specific properties 
deviating from those of bulk ones. This deviation results from the reduced size and/or dimensionality, as well 
as from the numerous interfaces between adjacent crystallites or layers. The synthesis of materials and/or 
structures with new properties is an emerging interdisciplinary field based on solid state physics, chemistry 
and materials science [1]. The research in the new laboratory is mostly focused on preparation and 
characterization of two-dimensional thin films and nano-laminate structures (MAX phases) exhibiting 
nanoscale features. The structures are based on combinations of inorganic materials, metals, synthetic 
polymers and carbon allotropes. Here, only the MAX phases are mentioned in details. These composites have 
a layered structure of the hexagonal carbides and nitrides that were discovered in the 1960s. They exhibit 
unusual chemical, physical, electrical, and mechanical properties under various conditions [2]. The MAX 
phases are bridging the gap between metals and ceramics. For this reason they have become an object 
of intensive research. They exhibit a high potential applicability in different technologies, such as high efficiency 
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engines, or damage-tolerant systems. Despite of the rather long lasting research, there remain open scientific 
questions to answer, as well as technological hurdles to overcome. In our laboratory the first MAX phase 
specimens have been already prepared and characterized by various methods. The techniques of the 
laboratory are briefly described in the following paragraph. 

2. INSTRUMENTATION AVAILABLE AT THE NPI 

2.1.  Low energy ion facility (LEIF) 

The Low Energy Ion Facility (LEIF) established recently in the NPI is a modular system developed for the 
fundamental research in the field of materials science. The system (Figure 1) is divided into two lines with the 
first line consisting of ion source, ion optics chamber, ion beam diagnostics and a sputtering chamber. After 
the sputtering chamber, a 1T separation magnet bends the ion beam to 90° and directs it through ion 
diagnostics unit and quadrupole magnetic optics into the implantation/analytical chamber.  

The fundamental element of the system is the multicusp ion source capable of producing uniform, high density 
plasma with a high gas and electrical efficiency. A filament (based on the thoriated tungsten wire) is surrounded 
by eight permanent magnets to produce a beam of single and multiple charged ions with the current of tens 
of nA up to hundreds of µA. In the anode area a small vessel is placed in order to generate ion species not 
only from gases but also from solid compounds. The maximum voltage applied on the ion source is 35 kV, 
thus generating the ion beam with the energy up to 35 keV for single charged ions.  

The ion beam extracted from the source by the movable extraction electrode is shaped by the Einzel lense 
system and directed to the sputtering chamber, where the Ion Beam Sputtering (IBS) is utilized for the 
production of thin layers with thicknesses up to hundreds of nm. In another regime, the beam can be directed 
through the first chamber to the bending separation magnet, where only ions with specific A/Z ration are 
selected. The ions are used for irradiation, implantation of samples within the implantation/analytical chamber. 
The magnet is designed to separate ion species with the energy of 35 keV and A/Z ratios up to 200, so that 
the implantation within a broad spectrum of ions to the ion fluencies from 1e14 - 1e17 ions/cm2 is possible. 

 

Figure 1 The schematics of the Low Energy Ion Facility (LEIF) 
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2.2.  MBE 

Molecular beam epitaxy (MBE) is an Ultra-High-Vacuum (UHV) device for production of epitaxial structures 
with high purity, uniformity and monolayer control.  

The physical working-principle of MBE is based on the interaction between molecular or atomic beams 
(provided by evaporation in the effusion cells) and a heated crystalline substrate. Despite the conceptual 
simplicity, this technique needs particular technological requirements to be fulfilled. The Ultra-High-Vacuum 
operation, i.e., p = 10-9 Pa, is a mandatory condition because it guarantees the highest purity of growing 
material, permitting the use of electron diffraction probes as diagnostic tool. The abruptness, variable growth 
temperature (20 - 500 °C) and the low growth rate (1 μm/h) makes possible to control of interfaces and doping 
profiles.  

The MBE system installed in NPI is equipped with 2 electron guns and a Knudsen cell as a molecular beam 
sources. Pyrolytic boron nitride (PBN) is chosen for the crucibles which gives a low rate of gas evolution and 
chemical stability up to 1400 °C. Careful variation of the temperatures of the cells via PID controllers permits 
the control of the intensity of the flux of every component or dopant of better than 1 %. An additional ion gun 
is present for Ion Beam Assisted Deposition (IBAD). A special UHV positioning system allows rotation and 3D 
manipulation of the substrate to improve the growth homogeneity. Tantalum shutters permit the control 
of composition and doping of the growing structure.  

The in-situ characterization tool is the RHEED (reflection high energy electron diffraction) system. The 
oscillation of the RHEED signal exactly corresponds to the time needed to grow a monolayer and the diffraction 
pattern on the RHEED window gives direct indication over the state of the surface. The main deposition 
chamber can be connected to an additional analytical chamber for ex-situ sample analyses by, e.g., atomic 
force microscopy, van der Pauw method and low energy electron diffraction.  

2.3.  PVD-C-plus facility 

Fabrication of metal-organic hybrid nanomaterials is presently one of the crucial topics of modern nanoscience 
promising new fundamental fields and advanced applications. We contribute to this topic using our PVD system 
(physical vapor deposition, PVD) designed for the controlled fabrication of the Me-C60 hetero-nanostructures 
(we call this system as “PVD-C-plus” facility). The PVD system can also be applied for fabrication of pure C60 
or other C-nanostructures, as well as for fabrication of pure metals and silicon. Variety of hybrid nanostructures 
combining the components from the former (i.e., C-materials) and the latter (metals and Si) groups can be also 
produced under this PVD facility.  

Operation of the PVD system implies a proper adjustment of setup parameters, which allow to design rather 
complex nanostructures. Deposition of thin films (up to 200 nm in thickness) of the materials occurs in a high 
vacuum (up to 10-6 mbar) on nonvolatile solid substrates kept at the temperature ranging from RT to 500 ºC. 
Deposition of thin films can be realized through thermal evaporation of the materials using two kinds 
of sources, namely mini-effusion cell (MEC) and electron gun (EG). The MEC source is used for evaporation 
of C60, as well as the EG can be used for evaporation of metals and Si. Parameters of deposition influencing 
the film composition, nanostructure and thickness can be tuned precisely with the digital controllers driving the 
efficiency of the deposition process with high precision. Design of the hybrid nanostructures also implies the 
proper use of electrical shutters and digital quartz thickness monitor, which are equipped inside of the vacuum 
chamber of the PVD system.  

2.4.  NTEGRA Aura AFM system 

The main instrument able to perform a comprehensive test of our deposited films or other suitable samples is 
the commercial atomic force microscope (AFM) called as NTEGRA Aura (producer is NT-MDT). The NTEGRA 
Aura is an advanced, powerful and complex AFM system possessing a modular design and including all 
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functional opportunities of the AFM method known at present. The modular structure allows one to upgrade 
the system continuously and to realize a specific design of each experiment that greatly improve a research 
potential of this system.  

The main feature of the NTEGRA Aura is a possibility to realize the AFM experiment in vacuum or in 
controllable gas atmosphere (N2, O2, Ar, etc.). Our AFM system also includes other important opportunities, 
such as heating of the sample (up to 120 ⁰C) and application of the external magnetic fields with in-plane and 
out-of-plane orientations of the magnetic vectors. Depending on the sample origin and the required task, we 
can apply contact, semi-contact (tapping) and non-contact scanning modes, which can yield a unique 3D 
pictures of the surface nanostructure (with resolution of 1 nm), unique information about the local mechanical 
(elasticity, friction), electrical or magnetic properties of the sample surface (with resolution of 10 nm). The 
research importance of the AFM system are related also with the opportunity to perform spectroscopic analysis 
in a certain point of the sample surface in order to clarify origin of some selected nano-object. The scientific 
opportunities of our AFM system is greatly enhanced in scanning tunneling microscopy (STM) mode, which 
allows to study the surface under atomic resolution. The latter mode, however, requires the samples with 
special (atomically-flat and clean) surfaces and with rather good conductivity. The digital PX-controller provides 
a high functionally of all AFM modes with negligible electrical noise.    

2.5.  ITS 

Ion Transmission Spectroscopy (ITS) [3] is a specific method of non-destructive examination of inhomogenities 
in thin films (e.g., presence of micro-channels or pores). ITS is based on measuring of energy loss of the mono-
energetic charged particles passing through the film. The mono-energetic beam of alpha particles from 
radioactive 241Am source or from Tandetron 4130MC accelerator are used. The transmitted particles are 
detected by the Si detector connected to a standard spectrometric chain. The energy spectra are evaluated 
off-line by a computer code (developed at the NPI Rez for laboratory purposes). The energy spectra of particles 
reflect not only the presence of inhomogenities, but also their size and form.  

2.6.  NDP/PGAA 

The Neutron Depth Profiling (NDP) [4] is a nondestructive nuclear analytical technique based on measurement 
of energies of reaction products from nuclear reactions of certain light isotopes with thermal neutrons (En = 
0.025 eV). The emission of reaction products is isotropic and the detector can be placed at any angle with 
respect to the sample surface. In the Nuclear Physics Institute at Rez, a 5.6 m long neutron guide was installed 
at the LVR-15 nuclear research reactor (the reactor is operated by Research Center Rez). The neutron guide 
provides a thermal neutron beam of 107 n·cm2·s-1 intensity and Cadmium Ratio (RCd) = 105 with a beam 
dimension of 4 mm (height) x 80 mm (width). A classical reaction that can be studied by NDP is 6Li(n,α)3H. In 
this reaction, thermal neutrons induce an intensive, isotropic nuclear reaction (n, α) on the 6Li isotope producing 
two reaction products, α (2.055 MeV) and 3H (2.727 MeV), that are emitted from the sample in opposite 
directions. Even though the natural abundance of the 6Li isotope is only about 7.5 %, the high cross section 
(940 barns) assures (under the intense neutron beam bombardment) a fast data collection. This reaction is 
investigated for important application, such as thin Li ion batteries, important and actual research topic.   

2.7.  RBS, NRA, ERDA and RBS/Channeling  

The Rutherford Back-Scattering (RBS) [5] is a non-destructive analytical method based on elastic scattering 
of impacting particles. Protons, alpha particles or heavier ions (produced by the Tandetron MC 4130 
accelerator) with energy from few keV to tens of MeV are penetrating a sample where these species are 
scattered and subsequently detected by the detection system. In NPI the solid state detector with energy 
resolution of 15 keV is placed at the angle of 170°. From the obtained energetic spectrum of scattered particles 
and intensity of individual components it is possible to identify presence of specific elements, as well as its 
concentration and spatial distribution.  
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The RBS technique in its most common setup, i.e., alpha particles with energy of 2000 keV, is more suitable 
for the detection of heavier elements within the sample composed of lighter elements. In this situation it is 
possible to detect elements on an areal concentration level of 1012 - 1013 at/cm2. The accessible depth 
resolution is ca 10 nm. To analyze the concentration of lighter elements, a modification of the method is 
necessary. For elements, such as C or O, an ion beam of specific energy can be used so the impacting 
particles penetrate the atomic core, resonance occurs and the significantly increased cross-section allows the 
estimation of these elements even within heavier matrix. This analysis is called Nuclear Reaction Analysis, 
NRA. Other possibility is a method of Elastic Recoil Detection Analysis, ERDA, where instead of scattered 
particles the particle recoiled from the samples are detected.  

A special variant of the RBS technique is RBS/Channeling [5]. In this mode the collimated beam of particles 
irradiates the sample in the direction of one of the crystal planes. Most of the impacting particles are in this 
situation funneled into channels formed by the organized rows of atoms. Channeling particles do not get into 
the contact with atomic cores and thus the probability of scattering is much lower. Presence of other elements, 
interstitials or defects will be observed as significant increase of the intensity of recoiled particles. 
RBS/Channeling is thus an importing method providing unique information about the crystal structure. 

2.8.  PIXE/PIGE 

In contrast with the RBS technique, the Proton Induced X-ray/Γ-ray emission methods are based on inelastic 
interaction between incident proton and the sample material (experimental set-up is depicted in the Figure 2a). 
In case of PIXE, the characteristic X-ray radiation occurs as a result of the interaction between incident proton 
and electrons in atomic shell. The particle can eject electron from the inner shell of the atoms that is replaced 
by the electron from the outer shell. The energy difference between these two levels is ejected in the form 
of X-ray radiation. Under feasible conditions, i.e., heavier elements within the light matrix, the detection limit 
of the PIXE method can be below 1 ppm. The PIXE method is an important technique for analysis of trace 
elements within the biological samples (Pb, As, Hg, Cd, etc.). It is also a valuable tool in the analysis of the 
composition of aerosols in the air created as a result of burning of fossil fuels (analysis of traces of toxic 
elements). 

The Proton Induced Γ-ray emission is a versatile, non-destructive analytical method based on the (p,γ) 
reaction. In this case, the incident proton causes excitation of the atomic core of the sample element. In a short 
time, the core returns to the basic level and the energetic difference is emitted as γ-ray. The energy and the 
number of photons is detected by the HPGe detector and from the spectrum elements in the sample can be 
identified. The concentration of the elements is measured with the help of the standard sample. For protons 
with energies from 1 to 3 MeV, the best sensitivities was found for Li, B, F, Na, and Al. The highest cross 
sections are for light isotopes (A<30), which can be determined with a sensitivity of 10 μg. g−1 or less. 

2.9. Microbeam 

One of the beam lines connected to the Tandetron MC 4130 accelerator in NPI (Figure 2b) is used for the 
analysis and modifications of a sample at small scale. The ion beam from the accelerator passes through a 
lens, i.e., a combination of magnetic quadrupoles with alternated polarities that focuses the beam to a spot as 
small as hundreds of nm in diameter. Standard IBA techniques (mainly PIXE, RBS, and NRA) are used to 
characterize the irradiated object. By raster-scanning the beam over the sample surface, 2D or 3D distribution 
of elements can be determined with nm depth resolution and lateral resolution limited by the size of the beam 
spot. The mapped area is from ca 10x10 µm up to 1x1 mm in size.  

When samples cannot be measured in vacuum (due to their size, or presence of volatile components), a setup 
with an external ion beam can be used. Such arrangement is often applied for archaeological artefact or 
artworks. The ion beam is extracted from the chamber/beam line into air through a thin window. The sample 
is surrounded by an array of detectors (X-ray detectors for soft and hard X-rays etc.) obtaining the information 
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on the sample composition and concentration. The IBA methods can be employed on the external microbeam, 
either individually or in the PIXE-PIGE-RBS combination.  

  

Figure 2 Instrumentation in NPI; 2a - Analytical chamber with multiple detectors for PIXE, PIGE and RBS 
measurement, 2b - The microbeam system 

3. CONCLUSION 

A laboratory complex has been developed at NPI SCR Rez, which is endowed with various standard deposition 
and analytical techniques for preparation and characterization of new prospective nano- and micro-structured 
systems. The uniqueness of the laboratory lies in combination of common techniques with diagnostic methods 
making use of charged particle and neutron beams. Most important are the devices for vacuum deposition, 
deposition by ion sputtering, ion implantation and by molecular beam epitaxy (MBE). Full spectrum of the IBA 
methods together with Neutron Depth Profiling (NDP) and Ion Transmission Spectroscopy (ITS) is used for 
specimen characterization. Complementary information on the structure, composition and properties 
of specimens are obtained with Atomic Force Microscopy (AFM) and using other techniques (FTIR, Raman, 
XRD, nano-indentation, SEM, TEM, HRTEM, etc.) available at collaborating organizations. 
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Abstract  

Concrete waste after further processing can be used in the form of a micronized powder in which the non-
hydrated portions are reactivated. For this purpose, nanoindentation and scanning electron microscopy with 
X-ray spectroscopy (SEM-EDS) are combined to determine properties of the concrete sample. The 
approximate composition of old concrete is calculated from SEM BSE image analysis. The nanoindentation 
technique over two main material levels enabled evaluation of the indentation modulus of these phases due 
to the spectral deconvolution of measured data. All these techniques serve for determining the activity of old 
concrete and characterization shape and textures of activation micronized old concrete powder. 

Keywords: Old concrete, nanoindentation, SEM analysis, micronized powder 

1. INTRODUCTION 

Construction creates the high amount of waste from all sectors. Construction waste is almost 33 % of the 2.5 
billion tons of waste generated in the EU [1]. The old concrete is taken to the recycling line. Materials from 
recycling facilities are most often used as coarse aggregates in new concrete, but only coarse fractions are 
processed [2]. In the case of a very fine fraction (grain size below 1 mm), there is still no ideal solution to allow 
its use on a broader scale. Several possible ways of application of this material are examined in cement 
composites for example as thermally activated binder replacement [3], as mixtures for cement production [4] 
or as a part of geopolymers based binders [5]. Due to high demands on energy consumption and CO2 
production the most sophisticated and environmentally friendly method is when the very fine fraction 
of recycled concrete is used in its raw form. 

For this reason, the paper deals with the possibility of mechanical activation of concrete recyclate with high-
speed milling. Mechanical activation of the old concrete occurs when hydrated cement paste is milled, and this 
reveals still non-hydrated grains of clinker. The amount of non-hydrated clinker is directly dependent on the 
type of cement and the age of the old concrete. In general, the amount of non-hydrated clinker in the cement 
matrix can be estimated between 10 to 20 % [6]. Up to 20 % of old concrete can be reactivated and can form 
binder in the future concrete and the remaining amount will be inert and can form a filler. Micronized milling 
process can reduce not only the amount of cement but also the amount of natural filler in future concrete [7]. 
Since up to approximately from 80 to 90 % of the total volume of old concrete consists of inert particles, inert 
particles characteristics significantly affect the performance of use of old concrete in a new production. Shape 
and texture of fine inert particles have the most significant impact on the resulting properties of fresh and 
hardened concrete. The inert particles not only make concrete economical by occupying more volume but also 
impart volume stability and increase durability [8]. Shape and texture of particles have a significant effect on 
the performance of fresh concrete. Concrete mixture with well-shaped, rounded, and smooth particles require 
less amount of cement paste on the excellent workability of fresh mixtures than mixtures with flat, elongated, 
angular, and rough particles. As a result, well-shaped particles will have less durability caused by the paste 
such as heat generation, porosity, and drying shrinkage [9]. 
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2. EXPERIMENTAL 

For the experiment on mechanical activation of old concrete was used recycled concrete made of concrete 
railway sleepers. The used old concrete is a material that has already undergone a recycling process (steel 
reinforcement was removed, and the concrete was pre-crushed). For our purposes, we used a fraction of 0-
4mm that does not have a practical use for reuse in new concrete. Concrete sleepers were PB2 and SB8, 
which was 50 years old. 

In the first step, the experiment examined concrete fractions of 0-4 mm. For this purpose, a combination 
of methods: nanoindentation for determination of micromechanical properties and electron microscopy with 
EDS detector was used. In the second step, fractions 0-4 were mechanically activated using the micro-milled 
process. The fine milling of the material was delivered by the company Lavaris Ltd. (procedure protected by 
patents) using the high-speed milling technique. Subsequently, the micronized concrete powder was subjected 
to image analysis using an electron microscope. The image analysis provided information on the shape, 
activation, and suitability of micronized concrete powder for further use. 

2.1. Sample preparation 

For the investigation, the sample of old concrete (fraction 0-4 mm) and micronized concrete powder were 
embedded in epoxy resin. Parts of specimens were cut (approx. thickness 15 mm), and silica-carbon papers 
and diamond suspensions were used for grinding and polishing of the specimen surface. Polished sections 
were prepared on a Tegramin from Struers. The samples were polished in multiple steps to achieve the best 
surface quality of the samples. This technique ensured adequate surface roughness of the sample for both 
indentation and SEM investigation. The coordination mark was inscribed on the polished surface, serving as 
the origin for further orientation. The mark enabled the positioning of both investigation techniques in the same 
area of the sample. 

2.2. Nanoindentation 

The technique of nano-indentation (Ti 750 series, Hysitron Inc.) was applied on the specimen to evaluate 
elastic mechanical properties (Young’s modulus and hardness) of the material. For the purpose of this study, 
the displacement driven load function with “loading” and “unloading” segments lasting 5 seconds each with an 
in-between 60 seconds of ”holding” time segment was adopted. The maximum prescribed indentation depth 
was selected 150 nm. The measurement setting meets the grid-indentation specifications of the 
heterogeneous composite with further application of spectral deconvolution on obtained data [10-14]. 

The measurement was performed on two crucial levels of the composite (cementitious matrix and aggregate-
matrix inter-phase zone) to achieve efficient investigation of each material phase. The first level grid (located 
in the matrix) was designed for detailed evaluation of phases present in cement paste. The grid consisted of 25 
by 25 indents separated by 2 µm (covering area approx. 17.26 %). Grid applied on inter-phase zone location 
was constructed of 21 by 21 indents in pattern with 5 µm spacing (covering 2.81 % of total area of the grid).  

2.3. Electron microscopy 

The investigation of the samples consisted of two main techniques, scanning electron microscopy combined 
with Energy Spectrometer (SEM-EDS) and backscattered electron images with image analysis (SEM BSE-IA). 
As a result, with nanoindentation, a combination of micromechanical properties, phases chemical composition 
and material structure enabled the proper description of the material. 

The scanning electron microscopy (SEM) investigation was performed on FEG SEM Merlin ZEISS on polished 
specimens coated with a thin layer of carbon necessary to ensure proper conductivity of the surface.  The FEG 
SEM Merlin ZEISS scanning electron microscope is located in the Laboratory of Electron Microscopy and 
Microanalysis at the University Center of Energy Efficient Buildings. Qualitative and quantitative analysis of the 
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chemical composition of the samples was performed using an X-ray microanalysis, namely an Energy 
Spectrometer (EDS) by Oxford Instruments. The point ID method was used in the first step, where only 
selected areas (areas near indents) were tested. Five microanalyses were performed to determine the weight 
and atomic representation of individual elements in percent for each phase. The resulting phase was 
calculated by using stoichiometry. The working distance of the electron microscope was set to 8.5 mm, the 
accelerating voltage was set to 15 kV, and the current was set to 1 nA. This set up provides a good signal. 

Backscattered electron images (SEM-BSE) was performed on FEG SEM Merlin ZEISS with same set up as in 
the previous case. SEM-BSE has energy comparable to that of the primary electron beam. They come out 
of greater depth (tens of millimeters in diameter) and thus provide information on local material changes. The 
information is a material contrast (each phase has its shade of gray). Their resolution is 50-200 nm, which is 
sufficient in our case. When combining SEM-BSE and image analysis (IA), we get not only the phase contrast 
but also the percentage representation of the individual phases and the character of the individual grains. The 
calculation of phase volumetric representations in the viewed field of each phase was performed by Phase 
Analysis 1.1 (software). Determination of structure and character of individual particles was performed by 
ImageJ-Analyze particles (software). SEM-BSE IA was made from 64 images at 1k× magnification and 
1024×768 px resolution. Such a number of images covers an area of 2.05 mm x 2.05 mm, i.e., 4.2 mm2. 

Structure and character of individual particles were determined by a set of parameters describing the shape 
of the particle. These shape descriptors were circularity, aspect ratio, roundness, and ferret angle. The 
circularity (Circ.) describes how particles similar to a circle with a value of 1.0 indicating a perfect circle and 
value of near to 0.0 indicates an increasingly elongated shape. The value of circularity is calculated by equation 
(1): 

2
4.

P

A
Circ π⋅=               (1) 

where: 

Circ. - the circularity (-) 
A -  the area of grain (µm2) 
P - the perimeter (The length of the outside boundary of the grain) (µm). 

The aspect ratio (2) is defined as: 

MI

MA
AR =                (2) 

where: 

AR. - the aspect ratio of the particle’s fitted ellipses (-) 
MA - the major axis (the length of the longest axis best fitting ellipse to grain) (µm) 
MI - the minor axis (the length of the shortest axis best fitting ellipse to grain) (µm). 

The roundness (3) is also a useful parameter for describing the similarity degree of a particle to a circle. Unlike 
circularity, roundness calculates with rough edges. The roundness is a shape factor that has a maximum value 
of 1 for a circle and lower values for shapes having a higher ratio of perimeter to area, longer or thinner shapes, 
or objects having rough edges. For the image analysis used in this experiment, Roundness is defined as: 

2
4.

MA

A
Round

⋅
=

π
              (3) 

where: 

Round. - the roundness (-) 
A - the area of grain (µm2) 
MA - the major axis (the length of the longest axis best fitting ellipse to grain) (µm). 
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Feret angle is the angle between the longest side of the grain and the shortest side of the grain. 

3. RESULTS AND DISCUSSION 

Figure 1 shows SEM images in BSE mode of old concrete and micronized old concrete with the same 
magnification. BSE image shows white for non-hydrated clinker, light gray for the cement matrix, gray for quartz 
(aggregate) and dark gray or black for pore, crack or epoxy resin. Also, there are three other phases in the 
cement matrix, which have different micromechanical properties, namely low-density C-S-H gel, high-density 
C-S-H gel, and portlandite. Micromechanical properties namely reduced the modulus of individual phases were 
19.2 ± 3.5 GPa for low-density C-S-H gel, 39.8 ± 6.0 GPa for high-density C-S-H gel, 58.6 ± 6.3 GPa for 
portlandite, 79.8 ± 3.1 GPa for quartz and 118.4 ± 16.9 GPa for non-hydrated clinker. Table 1 shows the result 
of SEM BSE IA. The results show approximately 5.6 % clinker in old concrete. Micronized old concrete had 
2.5 % of clinker, but if percentage value was calculated without epoxy resin, the amount was still the same as 
for old concrete, namely 5.1 %. This fact, however, does not apply in the case of a cement matrix, where the 
quantity has been reduced by up to 20 %. This fact was most likely due to the low mechanical properties and 
milling of the cement matrix into dust particles that were not captured by the filter. Also, it can be seen in 
Figure 1 that mechanical re-activation of the already hydrated clinker has occurred partly by their uncover. 

 

Figure 1 BSE images of microstructure, magnification 1k× a) old concrete, b) micronized old concrete 

Table 1 Results of phase volumetric representations in viewed field 

Material 
Clinker 

(%) 
Cement matrix 

(%) 

Quartz 

(%) 

Pore / Epoxy 

(%) 

Old Concrete 5.6 ± 0.5 48.1 ± 2.1 45.6 ± 1.5 0.7 ± 0.1 

Micronized Old Concrete 2.5 ± 0.2 6.6 ± 0.9 41.8 ± 3.5 49.1 ± 3.5 

Figure 2 shows a grain characterization procedure where the individual grains are replaced by a fitting ellipse 
describing their shape. The individual phases were not separated by the micro-milled process so that the 
shape characterization was performed on all grains. Results in the form of shape descriptors are shown in 
Table 2. During the analysis, more than 91,000 grains were examined. Value of circularity was equal to 0.73. 
This value determines that the grains are slightly elliptical than the circular shape. The value of roundness was 
equal to 0.57, so although grains are elliptical, the perimeter is very uneven due to rough edges. Aspect ratio 
was equal to 2.03, so grains had a slightly elongated shape. The Feret angle was 96.3°, the value is very close 
to 90°, and therefore characterization of shape grain can be used by fitting ellipse technique. 
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Figure 2 Image analysis of BSE images: A) BSE image, B) marking grains, C) fitting an ellipse to grain 

Table 2 Summary of a parameter describing the shape of grains  

Material 
Count 
(pc.) 

Circularity 
(-) 

Roundness 
(-) 

Feret Angle 
(°) 

Aspect ratio 
(-) 

Micronized Old Concrete 91115 0.73 ± 0.13 0.57 ± 0.11 96.3 ± 12.5 2.03 ± 0.3 

4. CONCLUSION 

This work deals with the use of high-speed milling technique for recycling of old concrete and the direct 
characterization of the old concrete and micronized old concrete. Two different experimental methods were 
used for this purpose, and the results show that: 

• Tested old concrete contained approximately 5 % of non-hydrated clinkers that were uncovered by the 
high-speed grinding process and reactivated; 

• SEM-BSE images showed the grains of non-hydrated clinker were uncovered only partially;  
• The high-speed milling process had a negative effect on the amount of old cement matrix, where the 

amount was reduced by 20 % due to low mechanical properties; 
• Grains of micronized old concrete has an elongated ellipse shape with rough edges.  

In the future, the work will focus on other different types of concrete waste, such as monolithic structures, 
concretes for supporting structures and concretes for transport infrastructure. The concrete will have different 
compositions depending on their properties as well as varying amounts of non-hydrated clinker and the 
strength of the individual phases. 
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