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Abstract

Cerium oxide nanoparticles were prepared by the hydrothermal method. Simultaneous measurements of the
bovine serum albumin adsorption and zeta potential determination of the (adsorption) suspensions were
carried out. The samples of nanoceria with positive zeta potential adsorbed more bovine serum albumin while
on the other hand, the samples with negative zeta potential exhibited little or no protein adsorption. Particle
size distribution and the influence of pH and temperature on the zeta potential of the prepared CeO2 and BSA
were determined. The adsorption isotherms of BSA on CeO2 were found to be of the typical Langmuir type;
values of the bovine serum albumin adsorption capacities were calculated. Increasing pH led to a decrease in
zeta potential and decrease in the adsorption capacity of cerium oxide nanoparticles. It was proved that the
adsorption capacity of BSA on nanoceria particles increased with a rise in temperature. The maximum
adsorption capacity was found for an acid (pH 4) suspension and temperature of 34 °C (am = 124 mg.g™).
Calculated thermodynamic parameters indicate that the adsorption of BSA on the ceria is an endothermic
(AHags > 0) and spontaneous (AGads < 0) process. The kinetics of adsorption best fit the pseudo-second-order.
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1. INTRODUCTION

Nanoparticles exhibit exceptional physicochemical properties such as large surface area, surface reactivity,
charge, shape, etc. These interesting functions and properties of nanoparticles have led to their expansion
into many fields of human activity. With their extensive applications, serious concerns have been raised over
their health risks once they are released into the environment. Nanoparticles (NPs) can be transported into
blood or across cell membranes into cells, and may interact with proteins in blood or cytoplasmic proteins.
Protein adsorption on a solid surface may induce changes in their structures and functions, even the entire
protein molecules. Hence, protein adsorption could result in adhesion, proliferation, and differentiation of cells,
as well as affect foreign body response and inflammatory processes. Adsorption of protein molecules is
generally governed by Columbic forces, van der Waals forces, hydrophobic interactions, and the sorbate
conformational stability. The surface area provides possible sorption spaces for protein adsorbed on particle
surfaces [1]. Cerium oxide nanoparticles are very useful in biomedical applications. Cerium oxide nanoparticles
(nanoceria) are a unique nanomaterial because they exhibit anti-inflammatory properties. Cerium oxide
nanoparticles can act as direct antioxidants to limit the amount of reactive oxygen species required to kill
hippocampal nerve cells [2]. The following research found that cerium oxide nanoparticles exhibit catalase
mimetic activity and can act as a catalyst that mimics superoxide dismutase and catalase [3]. The adsorption
of bovine serum albumin to the nanoparticles of cerium oxide, and also studies of the adsorption of these
nanoparticles on the surface of lung cancer cells A 549 were subject to further review. Both of these
interactions were going on, and inter alia were monitored with a focus on the changing zeta potential [4]. It is
believed that the zeta potential is one of the decisive factors in the adsorption of proteins on the surface of
nanoparticles. Our goals in this study were to synthetize cerium oxide nanoparticles and determine how the
surface charge modification (measured by the zeta potential) of cerium oxide nanoparticles (nanoceria) affects
the bovine serum albumin adsorption.
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2, MATERIALS AND METHODS

2.1. Materials and Methods

2.1.1. Preparation of Cerium Oxide Nanoparticles

Cerium nitrate (Sigma Aldrich) was dissolved in distilled water to obtain a 0.1 M solution. An equal volume of
0.5 N ammonium hydroxide solution (Sigma Aldrich) was then added with stirring at about 300 rpm. The
solution was then heated in an oven at 110 °C to evaporate all the water in the solution and the cerium oxide
powder obtained was then heated at 300 °C for an hour and then furnace cooled. The powder was then
transferred to a Teflon-lined stainless-steel autoclave containing 2.0 N sodium hydroxide solution (Sigma
Aldrich) up to 80% of its total volume and heated at 120 °C for 24 h under autogenous pressure. The system
was then allowed to cool down to room temperature. Finally, the resulting solution was titrated with HCI (Sigma
Aldrich) to bring the pH of the solution to 7.0. Then the excess liquid was evaporated off resulting in
hydrothermal ceria nanoparticles [4].

2.1.2. Zeta potential

The zeta potential was measured by analysing 0.1 g of CeOz in 10 mL of distilled water using the Zetasizer
Nano ZS (Malvern Instruments Ltd., GB). Before the zeta potential measurements, all samples were sonicated
for 5 minutes. The influence of pH in the range 2-11 was determined. The dynamic method consisted of using
the ZS Malvern Zetasizer device coupled with an automatic titrator (Malvern MPT-2). The pH of the
suspensions was automatically adjusted by this automatic titrator using hydrochloric acid (0.25 and 0.025
mol.L ") and sodium hydroxide (0.25 mol.L™"). To determine changes on the CeO: surface caused due to
adsorption of BSA, the zeta potential of the CeO2-BSA system was carried out.

2.1.3. Protein Adsorption

To determine protein adsorption, 10 mg of nanoceria was weighed in a flask and 10 mL of a BSA (Sigma
Aldrich) solution of a known concentration (3, 6, 12, 25, 50, 100, 200 mg.L™") was added. The solutions were
stirred vigorously with a magnetic stirrer for 8 h. The nanoceria particles were centrifuged and the concentration
of BSA was determined in the supernatant using UV - visible spectroscopy (Cary 1E UV-Visible
Spectrophotometer, Varian Analytical Instruments) by determining the absorbance maximum at wavelength
280 nm. The pH value of each suspension was adjusted by adding either NaOH or HCI when the influence of
pH on the adsorption capacity was followed.

2.1.4. Thermodynamics and kinetics

The amount of nanoceria particles and concentration of BSA were the same as mentioned above, which means
10 mg of CeO2 in 10 mL of BSA solutions, concentrations varied from 3 to 200 mg.L™". In the next step we
adjusted pH, the previous results indicate that a pH of 4 is most suitable for BSA adsorption. The suspension
was put into a thermostatic bath at four different temperatures (22 °C, 28 °C, 34 °C and 40 °C) and the flasks
were constantly shaken. The experiments proved that an 8 hour period is needed to reach equilibrium.

The fact that the adsorption of BSA on nanoceria was carried out at four different temperatures allows us to
calculate the thermodynamic parameters. From the dependence of the equilibrium constant (K°) on
temperature, the change in the adsorption enthalpy (AH.qs) and adsorption entropy (ASaqs) can be determined.

]nKO:—%.l—I—% (1)
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The change in Gibbs free energy (AGads) can be calculated from the following well-known equation:
AGugqs = AHgqs — T.ASqqs (2)

For the kinetics study, the experiments were carried out at a temperature of 22 °C with a constant shaking
speed and a medium pH of 4.0. 10 mL of the BSA solution with an initial concentration of 200 mg.L" and 10
mg CeO:2 was agitated until the adsorption equilibrium was reached. Samples were pipetted out at different
time intervals for BSA assay. After that, different kinetic equations were used for modelling the kinetics of BSA
adsorption. Two kinetic models were used to explain the mechanism of the adsorption processes. The pseudo-
first-order kinetic model is given by the Lagergren equation [5, 6]:

kq
2,303

log(a, —a;) = — t + loga, (3)

where a. and a; are the amounts of BSA adsorbed (mg.g”) at equilibrium time and any time t (hour),
respectively, and k- is the rate constant of adsorption (min~'). The plot of log (a. — ar) versus t gives a straight
line for the first-order adsorption kinetic which allows computation of the rate constant k.

The pseudo-second-order model based on equilibrium adsorption is expressed as [5, 6]:

st )

ag ko ag e

where k2 is the pseudo-second-order rate constant (g.mg™"'.min™"). The equilibrium adsorption capacity (ac)
and the model constants (k2) can be determined experimentally from the slope and intercept of plot t/at
versus t.

3. RESULTS AND DISCUSSION

3.1. Adsorption of BSA onto nanoceria and zeta potential

Table 1 summarizes the results of the adsorption experiments and zeta potential measurments. These
measurements were carried out at a temperature of 295.15 K and at different pH values. The adsorption
isotherms proved to be consistent with the Langmuir model as deduced from the calculated r-square value,
which is closer to 1 in comparison with the Freundlich results. As mentioned, parameter b (binding constant or
adsorption equilibrium constant) is sometimes used as a reaction equilibrium constant and thermodynamic
parameters are calculated. For example, Gibbs free energy using the following equation:

AG 45 = —RT.InK? (5)

The binding constant values of our measured and calculated isotherms are lower than 1 (Table 1), it means
that logarithm will be negative. Such values of binding constants will be resulted to positive value of Gibbs free
energy. Experience and many experiments indicate that adsorption of BSA is mostly a spontaneous process,
the determined value of Gags is negative [5-9]. With the fact that the equilibrium constant should be
dimensionless, we used a different way in which to determine the thermodynamics parameters.

Table 1 Langmuir and Freundlich data obtained from the adsorption measurements and values of the zeta

potential
Langmuir Freundlich Zeta potential
a b Theoretical R? R? k n CeO, | BSA | CeOy+
pH mag?) | (Lmg") calculate /Emgf:))n (mV) | (mV) | BSA
isotherm ) (mV)
107 0.14 a=14.58 x co/(1+0.14 x c5) | 0.99 | 0.92 10.93 0.59 16 10 13
93 0.06 a=5.35 x c./(1+0.0.06 x cc) | 0.99 | 0.94 5.29 0.67 5 -16 -15
60 0.09 a=4.10 x c./(1+0.0.09 x c¢) | 0.98 | 0.89 4.62 0.58 | -14 -34 -24
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Adsorption capacity and zeta potential values are strongly dependent on the pH of the suspension. The data
in Table 1 show that a pH value increase leads to a reduction in the zeta potential, and at the same time to a
reduction in the adsorption capacity of cerium oxide nanoparticles. BSA is preferentially adsorbed onto the
positively charged surface of the cerium oxide nanoparticles. Adjusting pH is one way to modify the surface of
nanoparticles and thus affect their adsorption capacity for proteins. Albumin adsorption on the surface of
nanoparticles is affected by two main factors. The first is the size and shape of the protein at a certain pH. The
second important factor is the surface charge of nanoparticles and proteins. The highest amount of BSA
macromolecules gets adsorbed at pH 4, such pH of the solution not being far off the BSA isoelectric point (4.7).
Under these conditions, the net charge of the macromolecules is slightly above zero-the number of positive
groups is higher probably due to the adsorption of hydrogen ions from hydrochloric acid. The zeta potential of
cerium oxide nanoparticles is also positive (see Table 1). The reciprocal electrostatic repulsions between a
solid surface and BSA macromolecules are not so strong and albumin is adsorbed on the nanoparticles’
surface via the hydrophobic parts of the molecule. At isoelectric point, the BSA shows a highly compressed
structure and the size (hydrodynamic radius) of the macromolecule is smaller than at pH six or eight. Charges
(CeO2and BSA) and conformation of BSA allow the adsorption of its maximum amount and the formation of a
consistent film. The higher adsorption level at pH 6 compared to pH 8 is again a result of different BSA
conformation and surface charges. Increase in pH causes growing BSA hydrodynamic radius, and secondly,
due to the adsorption of hydroxide ions the values of the zeta potential are negative. The absorption on the
nanoceria surface changes its zeta potential over the whole pH range. When the adsorption process is
completed the adsorbate masks the adsorbent charge and the cerium oxide surface exhibits properties typical
of BSA. A similar behaviour was also observed during interaction between BSA and silicon dioxide [10] or
between BSA and chromium (lll) oxide [11].

3.2. Thermodynamics and kinetics

Table 2 Pseudo-first-order and pseudo-second-order kinetic parameters for adsorption of BSA by cerium
oxide nanoparticles.

Pseudo-first-order constant Pseudo-second-order constant
k1 de ko de
conditions R2 R2
(10°min") | (mg.g") (10% g mg™" min™") (mg.g™)
-1
gSH A“’%ﬁﬁ%ﬂ?};&%z 5.26 28.79 0.90 0.99 0.88 109.15

Previous studies [5, 6, 12, 13] show that adsorption of BSA onto various adsorbents is mostly described as a
process of the pseudo-second order. In our study we compared only two popular kinetic models, pseudo-first-
order and pseudo-second-order kinetic models. From Table 2 we can see that the calculated linear regression
correlation coefficient (R?) is closer to one in the case of pseudo-second-order model. The calculated values
of the adsorption amount also agree better with experimental data (Table 1). These results indicate that the
adsorption of BSA on cerium oxide followed pseudo-second-order kinetics.

Finally, the thermodynamics parameters enthalpy, entropy and free Gibbs energy were calculated. Firstly, we
used the following relation to determine the equilibrium constant (distribution coefficient):
K. == (6)

Ce

K. values at different temperatures were determined from the graphs plotted In(as / c¢) versus a. and
extrapolation of a. to zero [14-16]. As constant K.° was used and from the slope and intercept of the Van't Hoff
equation changes of enthalpy and entropy were calculated. The change in Gibbs free energy was determined
for all temperatures.
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Table 3 Langmuir data obtained from the adsorption measurements and values of thermodynamics

parameters
Langmuir constants Thermodynamics
T (K) am B AGads AHags ASads
(mg.g") (L.mg™") (kJ.mol ™) (kJ.mol ™) (J.mol'.K")
295.15 107 0.14 -2.60
301.15 121 0.14 -2.76
5.31 26.80
307.15 124 0.17 -2.92
313.15 114 0.19 -3.08

Meanwhile, an increase in temperature up to 307.15 K deals with an increase in the immobilization capacity
of BSA adsorption at equilibrium, suggesting that the system followed an endothermic process. This idea is
also supported by the positive value of adsorption enthalpy (Table 3). A slightly different behaviour was seen
in the case at a temperature of 313.15 K. At this temperature, adsorption capacity decreased. We assume that
there are changes in the structure of the BSA molecules. Higher temperature causes the denaturation of
proteins and affects its conformation. Thermal denaturation and structural changes in BSA have already been
published. The helicity of the protein sharply decreased with a rise in temperature beyond 30 °C [17]. It is
obvious that the adsorption of BSA on cerium oxide is an endothermic (positive values of AH.qs) and
spontaneous (negative values of AG.q4s) process. The positive value of change in entropy then corresponds
with the increasing randomness at the solid - liquid interface during the adsorption.

CONCLUSIONS

Linear regression confirmed that the adsorption of BSA on cerium oxide nanoparticles can be described by
the Langmuir model while the kinetics can be expressed by the pseudo-second order. The corresponding
thermodynamic data were calculated to give the Gibbs free energy, enthalpy and entropy of the adsorption.
The overall adsorption process was endothermic and spontaneous in nature. The results show that the effects
of pH and temperature are very important. pH strongly influences the zeta potential of BSA and the zeta
potential of cerium oxide nanoparticles, respectively. Temperature affects the conformation of BSA, and the
kinetic and thermodynamic equilibrium of the adsorption process. Maximum adsorption capacity was found
near the isoelectric point of BSA at a temperature of 34 °C.
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