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The structural, conformational, interfacial, aggregation, and temperature behaviors of proteins dissolved alone 

or upon interactions with nanosilica (NS) or NS/polymers in aqueous media depend on numerous factors: type, 
structure, and concentration of proteins, solution pH, ionic strength, temperature, concentrations of solutes (e.g., 
polymers) and solid particles (e.g., nanooxides), various external actions such as heating, cooling, sonication, mixing, 
high-frequency emission (HFE), sample prehistory, etc. Features and control of the protein behavior in complex 
dispersions are of interest from a practical point of view because similar systems are widely used in medicine, 
biotechnology, pharmindustry, and food industry. To elucidate some aspects of dependences of the nanostructured 
dispersion characteristics on the mentioned factors, several proteins (bovine serum albumin, BSA, ovalbumin, OVA, 
fibrinogen, Fg, Fg parts (central E (FE) and end D (FN) domains), and 2–macroglobulin, MG), two NS (A–300 and 
A–50), and three polymers (poly(vinyl alcohol), PVA, poly(vinyl pyrrolidone), PVP, and poly(ethylene glycol), PEG) 
have been used in dynamic light scattering (DLS) investigations of the aqueous solutions and suspensions. Changes in 
the protein concentrations (1–10 wt. %) relatively weakly affect the particles size distributions (PSD) of BSA in 
contrast to OVA strongly disaggregated with concentration due to changes in the intermolecular interactions between 
supramolecular structures. This effect depends also on the viscosity () that could give apparent changes in PSD 
without corrections in the  values upon the treatment of autocorrelation functions. To avoid this effect, mainly diluted 
dispersions have been studied. The heating/cooling effects, as well as HFE (resulting in certain heating of the 
dispersions and certain changes in the hydrogen bonding), depend on the type (molecular shapes) and size of proteins, 
and they are maximal for nonglobular Fg (long large molecules) in comparison to smaller (FE, FN) or globular (BSA, 
OVA, MG) proteins. Features of protein interactions with NS and NS/polymer depend on the NS type (A–300 or A–50) 
and the presence of the OH groups in bound polymers (PVA) since the OH groups provide stronger interactions and 
aggregations with proteins than other studied polymers without the OH groups in the chains (PEG, PVP). As a whole, 
the obtained results show possible pathways to control the behavior of the protein containing dispersions in a wide 
range of the characteristics. 
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INTRODUCTION 

The behavior and characteristics of aqueous 
solutions of proteins alone and in complex 
systems containing various nanoparticles (NP), 
polymers, and solutes are of importance from a 
practical point of view because similar systems 
are used in medicine, biotechnology, 
pharmindustry, food and other industries [1–14]. 
Polar and charged (depending on solution pH) 
proteins are well water-soluble [15, 16], and their 
behavior depends on many factors such as type, 
structure, and concentration of proteins, pH and 
ionic strength of solutions, temperature, presence 
of various solutes (e.g., polymers, salts), solid 
particles (e.g., nanooxides), and hydrophobic or 
hydrophilic admixtures [17–29]. The behavior of 

globular, branched, or twisted long-chains 
nonglobular proteins in aqueous media could be 
strongly shape-dependent due to 
folding/unfolding and related changes in the 
hydrophilic/hydrophobic properties (e.g., due to 
the presence of hydrophobic admixtures reducing 
dispersion stability of the systems), charging, 
inter(intra)molecular interactions, aggregation, 
etc., as well as a number of factors affecting the 
behavior of nanooxides and other nanostructured 
materials as components of complex dispersion 
phases [1–30]. The appearance of solid 
nanoparticles, polymers, etc. in aqueous media 
can differently affect the behavior (e.g., 
(dis)aggregation, dispersion stability) of 
dissolved proteins depending on their type, shape, 
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and concentration because of significant 
structural flexibility of proteins affected by pH, 
ionic strength, and solutes [26–31]. To analyze 
these effects, (i) several different proteins: 
globular bovine serum albumin, BSA, ovalbumin, 
OVA, 2–macroglobulin, MG, and nonglobular 
fibrinogen, Fg, Fg parts such as central E and end 
D (N) domains; (ii) two nanosilicas (NS): A–300 
and A–50 with strongly different NP sizes and 
their aggregation; and (iii) three water-soluble 
polymers with different functionalities: 
poly(vinyl alcohol) (PVA), poly(vinyl 
pyrrolidone) (PVP), poly(ethylene glycol) (PEG) 
have been used. In the study of the aqueous 
dispersions, component concentrations, pH, 
temperature, and frequency (fHFE) of high–
frequency emission (HFE, fHFE = 54–78 GHz, 
~ 3 mW, 0.5 h) have been varied. Additionally, 
changes in the observation time have been used to 
study nonequilibrium aqueous systems containing 
polymer/NS and protein/polymer/NS, their 
aggregation/disaggregation with time. 

Nanomaterials and nanocomposites are 
effectively used in biomedical and food 
applications [32–35] in parallel to polymers and 
proteins as components of bionanocomposites. In 
the aqueous solutions, proteins tend to 
aggregation [36], especially upon interactions 
with NP or polymers that result in the formation a 
so-called protein (or polymer) corona (PC) 
around solid particles [37, 38]. The intact or 
encapsulated (with PC) silica particles could form 
aggregates [39]. The PC structures in aggregates 
could be more appropriate for biomedical 
applications due to improved biocompatibility of 
biocomposites in comparison to that of intact 
silica [40–42], since silica, proteins, and 
protein/silica could be used in drug delivery 
systems [43, 44]. Additionally, silica particles can 
affect the blood coagulation [45]; therefore, the 
former could be used in complex haemostatic 
agents [12–14]. All the mentioned effects depend 
on interactions of proteins with silica, as well as 
on protein–protein and silica–silica interactions. 
These interactions could be studied using the 
dynamic light scattering (DLS) method [22, 29]. 
This method is well informative and sensitive to 
be used to study the aqueous solutions and 
suspensions containing proteins, nanosilica, and 
other components. It allows one to compute the 
particle size distribution (PSD) functions in broad 
size ranges (from nanometer to tens of microns), 
as well as the diffusivity, mobility, and zeta-

potential of particles [21, 22]. Additionally, the 
DLS autocorrelation function (ACF) shape 
(typically with exponential decay) analysis could 
give information on equilibrium/nonequilibrium 
state, external effects, etc. 

Thus, the behavior of nanoparticles, 
polymers, proteins, and other nanostructured 
dispersion phases in aqueous media is sensitive to 
many factors such as type, structure, and 
concentration of solutes, pH and ionic strength of 
solutions, temperature, presence of solid 
nanoparticles, equilibration time, any various 
external actions (heating, cooling, mixing, 
sonication, HFE, etc.) [22, 23, 26–59]. Therefore, 
elucidation of the behaviors of nanostructured 
systems vs. concentrations, pH, temperature is a 
complex task for nonuniform hybrid colloids with 
proteins, polymers, and nanooxides studied in the 
present work. The aim of this study was to 
analyze the influence of different factors (protein 
type, pH, concentration, temperature, HFE 
frequency, presence of NS and polymers) on the 
behavior of the aqueous dispersions with various 
proteins alone and upon their interactions with NS 
and polymer/NS, since these problems and related 
phenomena were not adequately explored; 
however, they are of interest from both theoretical 
and practical points of view. In the literature, 
there are not papers with the analysis of a large set 
of dispersions, various effects and external 
actions, controlled regularization procedures, and 
some other aspects. Regarding the novelty of the 
study, a large set of the investigations allows one 
to analyze some regularities observed for the 
aqueous dispersions with proteins, polymers, and 
nanosilicas. 

MATERIALS AND METHODS 

Fumed silicas (nanosilicas) A–300 and A–50 
(Pilot plant at Chuiko Institute of Surface 
Chemistry, Kalush, Ukraine; 99.8 % purity, 
specific surface area SBET = 297 and 52 m2 g1, 
respectively [31]) were preheated at 673 K for 
several hours to remove residual HCl and other 
adsorbed compounds. Features of aqueous 
suspensions of fumed metal/metalloid oxides 
dependent on their morphological and structural 
characteristics and concentration, pH, salinity, 
temperature, pretreatment of the suspensions, and 
the presence of dissolved organics and sorbed 
polymers were described in detail elsewhere        
[1, 4, 5, 12–14, 26–29, 31, 46, 57]. 
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Three linear, polar, water-soluble polymers 
have been used: poly(vinyl pyrrolidone), PVP 
(Biopharma, Kyiv, 12.62.7 kDa, isoelectric 
point pHIEP < 3), poly(vinyl alcohol), PVA 
(PJSC “Concern Stirol”, Severodonetsk, Ukraine; 
437 kDa, pHIEP  3), poly(ethylene glycol), PEG 
(Fluka, 2 and 35 kDa, pHIEP  2.5). 

Several proteins have been used: bovine 
serum albumin (BSA, Sigma, total concentration 
of lipids and fatty acids (LFA) as admixtures 
Clfa < 0.01 wt. %, and BSA’, BIOLAR, Olaine, 
Latvia, Clfa ≈ 2 wt. % with respect to BSA, 
M ≈ 67 kDa), ovalbumin (OVA, Indar, Kyiv, 
Ukraine, ~ 44 kDa), fibrinogen (Fg, ~ 340 kDa, 
concentration 2.52 mg/mL), end D domain of Fg 
(FN, 1.75 mg/mL), central E domain of Fg (FE, 
2.6 mg/mL), and 2–macroglobulin (MG, 
tetramer of 725 kDa, 2.5 mg/mL) (Palladin 
Institute of Biochemistry, Kyiv, Ukraine). The 
molecular structures of the studied proteins taken 
from the Protein Data Bank (PDB) [60] have been 
visualized using various software [61–63]. Note 
that all used components of the dispersions are 
hydrophilic, but LFA admixtures are 
hydrophobic. Proteins can change their 
hydrophilicity/hydrophobicity due to certain 
conformation changes depending on the presence 
of LFA or other admixtures, especially 
hydrophobic ones. Note that water as a polar 
solvent plays an important role in the behavior of 
the studied complex systems [31, 57]. 

Dynamic Light Scattering (DLS). DLS 
investigations have been performed using a 
Zetasizer 3000 (Malvern Instruments, firm 
software) apparatus (light wavelength   633 nm, 
light scattering angle, LSA  = 90o) at 298 K 
(Figs. 2, 4, and 9–16) or a DLS apparatus 
(  633 nm, scattering angles varied in the range of 
 = 15–90º, temperature was in the 288–338 K 
range, ACF were treated with software developed 
by the author, Figs. 1, 3, and 5–8) described 
elsewhere [21, 22, 55–57, 64–69]. For the latter, a 
regularization procedure based on CONTIN [69] 
has been applied to experimental autocorrelation 
functions (ACF) treated using the Fredholm integral 
equation of the first kind (Eq. 1) to compute the 
particle size distributions (PSD) [22]. This integral 
equation deals with normalized ACF g(2) measured 
by the DLS method [22] 

max

min

(2) 2 2 2( ) / exp / ( )
d

d

g B q d Bq d f d dd         (1) 

where B = / (3 )kT  ,  = t2–t1 is the correlation 

time ( = 3.0×1055.0×103 s), k is Boltzmann’s 
constant, T is the temperature in the 288–338 K 
range,  denotes the viscosity of the liquid at T, n 
is the refractive index of a dispersion medium, 
q = (4n/)sin(/2), and f(d) is the distribution 
function of particle diameter (d). Eq. (1) has been 
solved using the modified CONTIN algorithm 
[22, 70]. Note that all DLS measurements were 
performed by five-six times for each sample and 
the averaged PSD curves are shown in Figures. 

Deionized distilled water was used for 
preparation of fumed silica suspensions 
(CSiO2 = 0.09–5.0 wt. %) sonicated for 10 min 
using an ultrasonic disperser (Sonicator Misonix 
Inc.) (22 kHz, 500 W). The protein (BSA, BSA’ 
or ovalbumin OVA) solution was added to the 
aqueous suspension and then shaken for 1 min. 
The pH values measured using a precision digital 
pH meter were adjusted by addition of a required 
amount of 0.1 M HCl or NaOH solutions. To 
compute the Def value as the average 
hydrodynamic effective diameter, i.e., the 
average particle diameter plus the double shear 
layer (EDL) thickness, the first moment of PSD 
(f(d)) was calculated using expression 

Def = 
max max

min min

( ) / ( )
d d

d d

df d dd f d dd            (2) 

in the total range of the particle sizes from 
individual ones to agglomerates, assuming that 
particles had the rough spherical shape. The Def 
values are well appropriate for the dispersion 
analysis at low polydispersity (PD) values 

PD = 2/2            (3) 

where 2 = (D2*  D*2)q4, D* is the average value 
of the diffusion coefficient,  = DTq2 + 6DR is the 
decay rate of ACF, DT and DR are the translational 
and rotational diffusion coefficients, respectively. 
The hydrodynamic particle diameter is linked to 
the diffusion coefficient with the Stokes-Einstein 
expression / (3 )Td kT D  . Monodisperse 

particles correspond to PD  0.02, narrow PSD 
gives 0.02 < PD < 0.08, and the Def value is in the 
PSD peak range. In the case of significant 
polydispersity PD > 0.08 characteristic for 
polymodal PSD, the Def value could be out of 
particle sizes observed in the PSD, e.g., the value 
of Def could be greater than the observed sizes of 
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aggregates and smaller than that of agglomerates, 
and the Def values become less informative. 

There are particle aggregations due to 
Brownian motion causing perikinetic 
aggregation, shear flow giving orthokinetic 
aggregation, and differential sedimentation 
caused by gravity [57]. The particle size values 
can be estimated concerning the scattered light 
intensity [22, 57] 

6 5
, , , , ,/I j i j i j i j i j

i i

d N d N d  ,          (4) 

particle number 

, , , ,/N j i j i j i j
i i

d N d N  ,          (5) 

and particle volume (or weight for uniform 
particles) 

4 3
, , , , ,/V j i j i j i j i j

i i

d N d N d  ,          (6) 

where Ni,j is the i-numbers of particles in certain 
j-interval (mesh cell) of sizes. The dx,j values 
correspond to discrete PSDx, where x = I, V, and 
N, i.e., the PSD in Eqs. (4)–(6) correspond to the 
distribution functions with respect to light 
scattering intensity (PSDI), particle volume 
(PSDV), and numbers (PSDN), respectively. 
Typically, for the average values dN  dV  dI 
(where the equality occurs only for monodisperse 
systems with minimal PD value), for non-
monodisperse systems, that results in a certain 
shifts PSDN toward smaller sizes in comparison to 
PSDI or PSDV and the same for PSDV comparing 
to PSDI. Note that all functions in Eqs. (1)–(6) 
represent certain discrete sets of the 
corresponding values (experimental or 
computed). Therefore, the integral equation (1) is 
transformed into algebraic one to apply the 
regularization procedure. Note that the 
electrophoretic mobility measurements were 
performed in parallel to the PSD study of the 
aqueous suspensions [22, 57]. 

 
(a) 

 

(b) 

 

Fig. 1. PSDI of (a) the Fg solution (2.52 mg/mL) HFE treated (70 GHz, 0.5 h), averaged five measurements with 
shown error bars (errors < ±0.8 %), and (b) A–300 PSDI (solid line, arb.un.) with errors bars and errors (dashed 
line, %) computed using six measurements of the same sample at CA–300 = 0.5 wt. %,  = 90o, errors < ±0.13 % 

 
The DLS measurements were repeated by     

5-6 times for each system and the corresponding 
distribution functions f(d) were averaged for all 
samples. Fig. 1a shows that the errors are smaller 
than ± 0.8 % for averaged five measurements of 
the Fg solution after HFE treatment at 70 GHz, 
and there are very small errors for the aqueous 
suspension of A–300 (Fig. 1 b). As a whole, the 
average errors are smaller than ± 1–2 % for the 
studied dispersions, and the greater the 
measurement number, the staller the average 
errors. Thus, the DLS method is not only highly 

sensitive but also well accurate and characterized 
by relatively small errors. 

To study non-equilibrated dispersions vs. 
observation time, deionized distilled water was 
used for preparation of fumed silica suspensions 
(CSiO2 = 0.1 and 0.5 wt. % for the systems based 
on A–300 and BSA/PVP/A–50 and 1.0 wt. % for 
other systems with A–50) sonicated for 15 min 
using an ultrasonic disperser (Sonicator Misonix 
Inc., 22 kHz and 500 W). Low-concentrated 
suspensions (CSiO2 = 0.1 wt. %) were used to 
avoid strong aggregation which could be caused 
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by silica NP and organic compound I (OC(I), 
polymer) interactions in more concentrated 
suspensions. The concentrated solutions of OC(I) 
(polymer) and then organic compound II (BSA) 
were added to the treated aqueous suspension of 
A–300 or A–50 in a given time without additional 
treatment. The ACF (i.e., PSD) were measured 
several times during 1 h without motion of the 
DLS cell. The pH value was 5.34–8.02, and the 
salinity was 0.9 wt. % NaCl. The concentrations 
of organics were CBSA = 0.4 g per gram of silica 
(A–300 or A–50), 0.15 g of PVP, PEG, or PVA 
per gram of silica (A–300 or A–50). A choice of 
the mentioned concentrations could be caused by 
the appropriate behavior of the systems, i.e., by 
the absence of fast coagulation. Additional 
information on similar systems could be found in 
previous publications [22, 26–29, 31, 46, 57, 69]. 

Microscopy. High resolution transmission 
electron microscopy, HRTEM (JEM–2100F, 
Japan) images were recorded for A–300. A 
powder sample was added to acetone (for 
chromatography) and sonicated. Then a drop of 
the suspension was deposited onto a copper grid 
with a thin carbon film. After acetone 
evaporation, sample particles remained on the 
film were studied with HRTEM. 

Scanning electron microscopy (SEM) images 
of dried samples have been recorded using a     
FE–SEM (Hitachi S–4700, Japan) or a Quanta 3D 
FEG (FEI, Japan) at an operating voltage of 5 or 
15 kV at the magnification range of                
5000–100000.  

RESULTS AND DISCUSSION 

Despite the NS structure (both surface and 
bulk with siloxane bridges and hydroxyls) is 
much simpler than that of proteins composed of 
different amino acids connected in the chains with 
a nontrivial sequence, it demonstrates complex 
dependences of the behavior concerning PSD vs. 
concentration even at small changes in the pH 
values of the aqueous suspensions (Fig. 2). Note 
that even long-time sonication (tus up to 9 hours) 
of the A–300 aqueous suspension (5 wt.%) does 
not lead to a low polydispersity since PD = 0.299 
and Def = 755 nm at tus = 9 h. As a whole, if 
aggregates and agglomerates present in PSD that 
PD > 0.2 for A–300 suspensions at any pH values 
in the range of 2.0–10.5, the Def value increases 
with temperature independent on the pH value 
due to enhanced NP aggregation [57]. 

At smaller concentrations of A–300, the 
polydispersity and Def values could be low for 
bimodal PSD at CA-300 = 0.1–1.0 wt. %    
(Fig. 2 a–d) or trimodal PSD at CA-300 = 3 wt. % 
(Fig. 2 e). Addition of NaCl results in enhanced 
aggregation (Fig. 2 f) since a peak of individual 
NP observed at d = 10–20 nm (Fig. 2 e) 
disappears. Therefore, to study the interactions of 
proteins with NS in the aqueous media, A–300 or 
A–50 have been used at relatively low values of 
CSiO2  1 wt. % that also provides certain 
diminution of unwanted multi-scattering effects 
[65, 66]. The NP size distributions correspond to 
ca. 4–18 nm, dav = 9.2 nm (A–300) and                
30–100 nm, dav = 52.4 nm (A–50), but 
hydrodynamic dh values are larger by two slipping 
layers than the real size of NP (see the first PSD 
peak in Fig. 2 e). The DLS results for NS could 
be also affected by easy decomposition of NP 
aggregates (d < 1 µm) and agglomerates 
(d > 1 µm) of aggregates under any external 
action (sonication, mechanochemical activation 
(MCA), simple mixing, interactions with solutes, 
etc.) due to weak interactions between silica 
nanoparticles in supra-NP structures 
[22, 31, 57, 69]. TEM and SEM images (see 
inserts in Fig. 2) show relatively complex 
morphology of secondary (NP aggregates of 
different sizes and shapes) and ternary 
(agglomerates) structures (whole supra-NP 
structures) which depend on the characteristics of 
NS and its pretreatment history, e.g., wetting, 
suspending, drying, heating, etc. It should be 
noted that interactions of supra-NP silica 
structures with aggregated polymers or proteins in 
liquid media could lead to the decomposition of a 
certain fraction of inorganic and organic supra-
structures due to disaggregation and 
deagglomeration, especially upon sonication, 
MCA and other relatively intensive treatments 
affecting the instability of the dispersions 
[22, 31, 57, 69]. These interactions could lead to 
effective decomposition not only of silica supra-
structures but also polymer or protein supra-
molecular structures. 

A complex behavior is characteristic for the 
aqueous solution of the studied proteins 
accompanied by changes in aggregation and 
conformation of the molecules with pH, 
concentration, temperature, fHFE, etc. (Figs. 3–8). 
Note that the Gibbs free energy of bonding (upon 
sorption, aggregation, agglutination) of water-
soluble polymers or proteins located in the 
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aqueous media is small as ca. –10 kJ/mol due to 
high desolvation energy of hydrophilic molecules 
or their hydrophilic parts to form the 
intermolecular or adsorption bonds [1–6, 31]. 
Therefore, the disaggregation of similar supra-
structures does not need high free energy 

consumption, since their stability has rather a 
kinetic character due to formation of a number of 
interparticle or intermolecular hydrogen or/and 
van-der-Waals bonds. Despite the lifetime of 
these bonds could be relatively short, they cannot 
break simultaneously without external actions. 

 

 

Fig. 2. PSD in the sonicated aqueous suspensions of A–300 at different pH values and concentrations: (a) 0.1, (b) 
0.2, (c) 0.5, (d) 1, and (e, f) 3 wt. %, and (f) with 0.9 wt. % NaCl with respect to the light scattering intensity, 
particle volume and numbers; inserts show (a, c, d, f) TEM and (b, e) SEM images of (a, b, c, d, f) initial and 
(e) wetted–dried A–300 (scale bars (a, c, d, f) 20 nm, (e) 100 nm, and (b) 4 µm) 
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Fig. 3. PSDI (computed with Eq. 1) of proteins (BSA and OVA) in the aqueous solutions with different concentrations 
at 0.9 wt.% NaCl and temperature 293 K (inserts show molecular structures of BSA: 
https://doi.org/10.2210/pdb3v03/pdb, and OVA trimer: https://doi.org/10.2210/pdb6KGA/pdb, taken from 
the PDB) 

 
Relatively weak macroscopic external actions 

(e.g., sonication, MCA, heating, etc.) 
simultaneously affecting all these bonds can 
destroy aggregates and agglomerates of NS, 
proteins, protein/NS, or protein/polymer/NS. 
Even Brownian motion, especially with 
increasing temperature and/or concentration, can 
lead to the rearrangement of secondary and 
ternary structures due to the particle collisions in 
the dispersion media that are enhanced with both 
temperature and concentration (Fig. 3). However, 
increasing temperature could result in enhanced 
aggregation. Larger supra-structures 
(agglomerates) can be more easily decomposed 
than smaller ones (aggregates). Note that there are 
primary (d = 50–100 nm) and secondary 
(d = 200–1000 nm) aggregates of silica NP 
(Fig. 2, PSD and images) and the latter could be 
more easily decomposed than the former ones 
[31, 57]. A similar behavior is characteristic for 
the protein solutions demonstrating various 
supra-molecular structures, which are rather 
unstable. The solutions of proteins alone as well 
as supra-NP silica structures could demonstrate 
unimodal or polymodal PSD (Figs. 1–5) and the 
polydispersity depends on varied conditions. 

It is well known that an increase in the protein 
concentration in the solution leads to an increase 
in the solution viscosity and changes in the 
aggregation of the protein molecules [11–20]. 
The viscosity vs. concentration relationship 
depends on the type, shape, and aggregation 
degree of proteins. Additionally, the protein 

solution characteristics depend on temperature, 
pH, and salinity of the aqueous systems, as well 
as on the concentrations not only of proteins but 
also other solutes (e.g., such admixtures as lipids 
and fatty acids or salts). The effect of protein 
concentration on the solution viscosity could 
result in a certain shift of PSD toward larger sizes 
if the viscosity value is not appropriately 
corrected in Eq. (1). Increased viscosity leads to 
deacceleration of the Brownian motion of the 
molecules and their supra-molecular structures; 
i.e., this leads to apparent increase in the particle 
sizes estimated from the DLS data. A similar 
effect is observed for BSA (Fig. 3) since a PSD 
peak of protein aggregates at 200–300 nm slightly 
shifts toward larger sizes with BSA 
concentration, but a PSD peak of agglomerates at 
ca. 7 µm shifts toward smaller sizes with BSA 
concentration. The latter effect is much stronger 
for ovalbumin (Fig. 3), which could be explained 
by disaggregation of large supra-molecular 
structures (both aggregates at d = 0.5–1.0 µm and 
agglomerates at d = 2–8 µm) with increasing 
concentration of ovalbumin. 

In the case of relatively low concentrations 
(0.07 or 0.7 wt. %) of BSA (Fig. 4) in the aqueous 
solution (viscosity changes could be small at 
CBSA < 1 wt. % and ignored), changes in the 
protein aggregation with pH and concentration 
are small and the system polydispersity is rather 
low, especially at pH 8.5 > IEPBSA with negative 
charging of the BSA molecules (Fig. 4 c, d). The 
PSD could become bimodal with increasing CBSA 
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from 0.07 wt. % (monomodal PSD, Fig. 4 c) to 
0.7 wt. % (Fig. 4 d). However, for the latter, 
contribution of agglomerates is small and the Def 
value increases only by 20 %. For all BSA 
solutions (Fig. 4), the main PSD peaks (around 
100 nm) with respect to light scattering intensity, 
particle volume and numbers are close located, 
and only minor contribution of agglomerates is 
observed at d > 1 µm (Fig. 4 a, b, d). This weak 
agglomeration could be explained by low 
amounts of lipids and fatty acids 
(Clfa < 0.01 wt. %) as admixtures in the BSA 
solution because similar hydrophobic admixtures 
provide increased agglomeration (and certain 
conformational changes) of the protein molecules 
in the aqueous media. The enhanced 
agglomeration occurs due to changes in protein 
conformation to provide strong interactions with 
hydrophobic LFA molecules to screen them from 
polar solvent molecules (water). Note that an 
increase in the Clfa value results in enhanced 
aggregation and PSD could be more strongly 
multimodal. 

Some effects concerning the protein PSD in 
the aqueous media could be caused by changes in 

the DLS measurement conditions, e.g., due to 
variation in the LSA (Fig. 5). Additionally, 
changes in the observation time and effects 
occurring due to nonequilibrium states could 
influence the observed PSD, because in this case 
the systems are characterized by a complex and 
unstable behavior. The PSDI of different proteins 
are polymodal at any LSA used (Fig. 5). As a 
whole, the protein molecules in the aqueous 
media (especially at pH close to the isoelectric 
point, low salinity, or the presence of certain 
amounts of LFA, enhanced aggregation is in the 
aqueous media) tend to aggregation and 
agglomeration. Large proteins such as Fg 
(Fig. 5 a) and MG (Fig. 5 c) form mainly 
aggregates (diameter 0.1 µm < d < 1 µm) and 
agglomerates of aggregates (d > 1 µm) observed 
at all used LSA. Smaller FN molecules (D 
domains of Fg) could form large 
secondary/ternary structures (d = 0.3–10 µm) and 
weakly aggregated secondary structures 
(d < 100 nm), as well as non-aggregated 
molecules (d = 10–15 nm) (Fig. 5 b). 

 

 

Fig. 4. PSD (with respect to the light scattering intensity, particle volume and numbers) of BSA oligomers 
(d < 100 nm), aggregates (0.1 µm < d < 1 µm) and agglomerates (d > 1 µm) at pH (a) 3.92, (b) 6.34, and 
(c, d) 8.5 and concentration CBSA = (a, b, c) 0.07 wt. % and (d) 0.7 wt. % 
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Fig. 5. PSDI (computed with Eq. 1) of proteins (a) fibrinogen, Fg, (b) N–terminal part (FN) of Fg, and (c) macroglobulin, 
MG, at different scattering angles in the range of 15–90º and concentrations of 0.18–0.26 wt. % (each curve 
corresponds to averaged ones from five measurements of the same sample) 

 
The PSD scatter vs.  is minimal for the 

largest MG (Fig. 5 c) and maximal for small FN 
(Fig. 5 b). Additionally, scattered light intensity 
measured at small LSA is more sensitive to 
enhanced aggregation than measurements at large 
angles (Fig. 5), but in the case of monodisperse 

systems, there is no dependence of PSD on LSA 
[22]. As a whole, comparison of various effects 
not only on the PSD but also on the 
electrophoretic mobility (zeta potential) should be 
done using the DLS results (i.e., ACF) obtained 
with the same scattering angle. 
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There are additional and sometimes 
unexpected effects, which could influence the 
computed PSD, e.g., convectional circulation in a 
DLS cell upon heating–colling (Figs. 6 and 7) or 
HFE (Fig. 8) (low power ~ 3 mW) pretreatment 
and measurements of the dispersion systems in a 
nonequilibrium state. However, the regularization 
procedure used allows one to reduce some 
unneeded and unexpected effects (due to 
experimental noise or various external actions of 
a noise or even higher level), which can appear in 
the DLS experiments. For example, 
nonequilibrium state upon heating/cooling with 
some convectional circulation in a DLS cell due 

to cooling could be characterized by relatively 
large fluctuations or even periodic changes in the 
autocorrelation function (Fig. 6 a, curve 3). The 
regularization procedure applied to experimental 
ACF treated using the Fredholm integral equation 
of the first kind (Eq. 1) allows one to reduce these 
effects, e.g., the PSD for the Fg solutions without 
(Fig. 6 b, curve 1) and with (curve 2) 
convectional circulations are similar. The 
observed PSDI difference (Fig. 6 b) could be 
caused by the difference in the dispersion 
temperature and process kind (heating and 
cooling). 

 

 

Fig. 6. Effects of additional external actions on heating–cooling (e.g., causing convectional flows in the dispersion 
media) of the aqueous solutions with Fg (concentration 2.52 mg/mL) concerning (a) ACF (experimental and 
computed with Eq. (1) using the regularization procedure) and (b) PSDI computed using Eq. (1) (insert shows 
molecular structure of Fg dimer: https://doi.org/10.2210/pdb3GHG/pdb) 

 
The behavior of the protein solutions depends 

strongly on increasing temperature affecting the 
Brownian motion and PSD (Fig. 7), as well as 
conformation of the protein molecules and their 
hydrophilic/hydrophobic properties. It should be 
noted that cooling after heating results in the PSD 
different from ones on heating (due to the 
formation of new aggregates and agglomerates 
with increasing temperature and then remaining 
upon cooling). This difference depends on the 
type and shape of proteins due to the differences 
in the organization of their secondary and ternary 
structures, as well as conformation changes of the 
molecules affected by the present admixtures 
(e.g., lipids and fatty acids), solvents, and other 
factors. A significant difference in PSD is 
observed for Fg in the range of aggregates at 
0.1 µm < d < 1 µm (Fig. 7 a, b). This effect could 
be explained by a long and thin shape of large Fg 

molecules (see insert in Figs. 6 b and 8 a) and an 
increase in Fg agglomeration (d > 1 µm) with 
temperature (Fig. 7 a), since contribution of 
aggregates (0.1 µm < d < 1 µm) strongly 
decreases with increasing temperature. This effect 
is rather due to interactions of long FN parts of 
Fg, since changes in the 
aggregation/agglomeration of the FE domains of 
Fg are much smaller (Fig. 7 c, d) than those of FN 
(Fig. 7 e, f). Additionally, changes in the 
hydrophilic/hydrophobic properties upon heating 
could play a certain role in the PSD changes vs. 
temperature. The heating/cooling effects on PSD 
is smaller for macroglobulin (Fig. 7 g, h) than for 
Fg due to globular structure of MG (see insert in 
Fig. 7 h) and formation mainly of agglomerates 
(d > 1 µm) with a small contribution of individual 
molecules and small oligomers d < 50 nm upon 
both heating and cooling. 
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Fig. 7. Effects of heating (a, c, e, g) and then cooling (b, d, f, h) of the aqueous solutions of proteins (a, b) Fg, (c, d) central 
domain FE of fibrinogen (molecular structure https://doi.org/10.2210/pdb1JY2/pdb), (e, f) end domain FN of 
fibrinogen (dimer https://doi.org/10.2210/pdb1lt9/pdb), and (g, h) MG (https://doi.org/10.2210/pdb4U48/pdb) vs. 
temperature with respect to PSDI (computed with Eq. 1) vs. diameter of individual and aggregated molecules and 
temperature (concentrations 0.18–0.26 wt. %) 
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Fig. 8. Effects of HFE at fHFE = 54–78 GHz and fHFE = 1 GHz (five 2D curves were averaged at each frequency value) on 
the aqueous solution of proteins: (a) human fibrinogen (https://doi.org/10.1021/BI802205G), (b) FE, (c) FN, and 
(d) MG (https://doi.org/10.2210/pdb4U48/pdb) with respect to PSDI (computed with Eq. 1) vs. HFE frequency and 
protein supra-molecular sizes (protein concentrations 0.18–0.26 wt. %) 

 
There are some DLS effects depending on 

composition of the studied dispersion systems. 
For example, the scattering ability of solid non-
transparent particles, especially supra-NP 
structures (note that nanosilica forms stable 
aggregates and less stable agglomerates) in the 
DLS measurements (at  = 632.8 nm, scattering 
by particles at d < /4 = 158.2 nm strongly 
decreases with decreasing particle sizes) is much 
greater than that of transparent diluted protein 
solutions, especially individual protein 
molecules, since maximal sizes of OVA < 10 nm, 
BSA < 14 nm, and Fg < 47.5 nm that is << /4. 
Therefore, intensity of light scattered by 

individual protein molecules (especially small 
ones such as OVA, FE, and FN) could be too 
small in comparison to that of protein 
aggregates/agglomerates or supra-NP/supra-
molecular structures with nanosilica, 
nanosilica/protein, and nanosilica/polymer/protein. 
Therefore, in many cases, only the secondary and 
ternary structures (aggregates/agglomerates) are 
observed in the PSD computed using the DLS 
data (Figs. 1–8). 

The HFE leads to several effects concerning 
PSD vs. frequency (Fig. 8) due to: (i) an increase 
in temperature of the dispersion depending on the 
HFE frequency; (ii) changes in the hydrogen 
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bonding of water molecules with proteins; and 
(iii) variations in aggregation/agglomeration of 
protein molecules, which could change their 
conformation and hydrophilic/hydrophobic 
properties. These HFE effects depend on the type 
and shape of proteins since they affect not only 
aggregation/agglomeration of the protein 
molecules but also their interactions with 
intramolecular and extramolecular water 
molecules [30, 31]. For example, for Fg and MG, 
there are some changes in the dispersion 
temperatures vs. HFE frequency: initial T = 303 
and 301 K, 304 and 303 K (pretreated at 
frequency fHFE = 54 GHz), 311 and 305 K 
(64 GHz), 308 and 303 K (70 GHz), respectively. 

These changes can affect the PSD (Figs. 7 and 8). 
As a whole, PSDFE < PSDFN < PSDFg < PSDMG vs. 
T (Fig. 7) or fHFE (Fig. 8) that is correlated to the 
sizes and shapes of the proteins. Stronger HFE 
effects on PSDI vs. fHFE (appearing in enhanced 
contribution of aggregates with fHFE) are observed 
for Fg (Fig. 8 a) and FE (Fig. 8 b) than that for FN 
(Fig. 8 c) and MG (Fig. 8 d). 

Features of protein interactions with 
nanosilicas in the aqueous media depend on 
several factors: (i) pH, concentrations, protein 
type (Figs. 9–13), (ii) presence and type of 
polymers bound to silica NP, and 
(iii) equilibration time (Figs. 14–16). 

 
(a) 

 

(b) 

Fig. 9. (a) Electrophoretic mobility as a function of pH of particles of pure A–300, two BSA samples (BSA at 
Clfa < 0.01 wt. % and BSA’ at Clfa ≈ 2 wt. % ), and BSA/A–300 (insert shows wetted–dried BSA 0.018 g/1 g 
A–300, scale bar 100 nm) at 0.45 wt. % A–300 and 0.07 wt. % BSA, and OVA/A–300 (0.1 wt. %/0.9 wt. %); 
and (b) effective diameter of particles as a function of pH in the aqueous suspensions of A–300 and protein/A–300 
(inserts show molecular structures of proteins) 

 
As a whole, the aggregation degree in the 

NS/protein dispersions, which could be 
characterized by the values of effective diameter 
Def as the first moment of the PSD (see Eq. (2)) in 
the total range of the particle sizes from individual 
ones to agglomerates, increases at pH close to the 
isoelectric point (IEP) of proteins (Fig. 9 b) since 
the electrophoretic mobility ( potential) is close 
to zero (Fig. 9 a). This is due to a decrease in the 
molecules charging at pHIEP that leads to a 
decrease in the electrostatic repulsive interactions 
between molecules tending to enhanced 
aggregation (i.e., dispersion instability). Note that 
IEP of NS is ca. 3.3 [43]. Therefore, at pH 

between ca. 3 and IEP of proteins (IEPOVA  4.2–4.5 
and IEPBSA  4.9–5.0), there is enhanced attractive 
interactions between protein molecules and silica 
NP surfaces (having different signs of the 
charges) that could result in increased aggregation 
effects with increased dispersion instability 
(Figs. 9–13). 

For the BSA with low concentration of lipids 
and fatty acids as admixtures Clfa < 0.01 wt. % 
and low pH close to IEPA-300, the PSD could be 
monomodal with low polydispersity (Fig. 10 a); 
i.e., the system is stable. For pH between IEPA-300 
and IEPBSA, the aggregation strongly increases as 
well as the PSD polydispersity (Fig. 10 b); i.e., 
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the system is instable. For pH > IEPBSA 
(Fig. 10 c), the aggregation strongly decreases as 
well as the PSD polydispersity; i.e., the system 
becomes stable again. Subsequent increase in pH 
to 8.53 (Fig. 10 d) results in the appearance of 
individual molecules and/or silica NP due to 
increased repulsive electrostatic interactions 
between them having negative charges at the slip 
plane (Fig. 9 a). However, a fraction of 
aggregates remains and the PSD polydispersity is 

larger (Fig. 10 d) than that at lower pH 
(Fig. 10 c). Note that the difference in the 
positions of the PSDI, PSDV, and PSDN peaks is 
due to the difference in the light scattering ability 
of small individual silica nanoparticles and 
molecules (d << ) (lower ones) and their 
aggregates (/4 < d < 2) and agglomerates 
(d > 2) (greater ones) that affect these 
characteristics computed with Eqs. (4)–(6). 

 
 
 

 

Fig. 10. Particle size distributions in the aqueous suspensions of A–300/BSA at the concentrations of 0.45 wt. % A–300 
and 0.07 wt. % BSA and different pH values: (a) 3.24 (monodisperse system), (b) 3.84, (c) 6.37 (narrow PSD), 
and (d) 8.53 with respect to the light scattering intensity, particle volume and numbers (inserts show (a) BSA 
structure, (b) SEM image of wetted–dried BSA 0.018 g/1 g A–300, scale bar 100 nm; and (c) molecular model 
of protein-silica NP) 
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Fig. 11. PSD in the aqueous suspensions of A–300 and BSA’ at 0.18 wt. % A–300 and 0.045 wt. % BSA’ and 
different pH values: (a) 2.52, (b) 3.46, (c) 5.48, (d) 6.96, (e) 8.31, and (f) A–300 and BSA’ at the 
concentration of 0.09 wt. % A–300 and 0.011 wt. % BSA’ and pH 6.65 with respect to the light scattering 
intensity, particle volume and numbers 
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Fig. 12. PSD (with respect to the light scattering intensity, particle volume and numbers) of NS/ovalbumin in 
aqueous suspensions at CA–300 = 0.25 wt. % and COVA/CA–300 = (a) 0.172, (b) 0.23, and (c) 0.276 

 
An increase in the amounts of lipids and fatty 

acids as admixtures (BSA’ solution has 
Clfa ≈ 2 wt. %) and NS appearance in the aqueous 
media (Fig. 11) result in enhanced aggregation 

(i.e., decreasing dispersion stability) in 
comparison to the solutions of BSA (at low Clfa 
value) alone (Fig. 4) or with NS (Fig. 10). This is 
also accompanied by increased polydispersity of 
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the systems characterized by significant 
difference between PSD with respect to scattered 
light intensity, particle volume and numbers 
(Fig. 11). The PSD changes differently depend on 
pH values in the range pH < IEPA-300 (Fig. 11 a), 
IEPA-300 < pH < IEPBSA (Fig. 11 b), and 

pH > IEPBSA (Fig. 11 c–f). Note that a decrease in 
the BSA and A–300 contents could lead to an 
increase in the PSD polydispersity (Fig. 11 f) in 
comparison to the systems at greater 
concentration and similar pH (Fig. 11 d) or 
greater pH (Fig. 11 e). 

 
 
 

 

Fig. 13. PSD in the aqueous suspensions of A–300 and ovalbumin (OVA) at the concentrations of 0.9 wt. % A–300 
and 0.1 wt. % OVA and different pH values: (a) 2.48, (b) 3.13, (c) 4.04, (d) 4.21, (e) 5.17, and (f) 6.71 with 
respect to the light scattering intensity, particle volume and numbers 
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Fig. 14. PSD with respect to (a, b) light scattering (PSDI), (c, d) particle volume (PSDV) and (e, f) particle numbers 
(PSDN) in the aqueous suspensions of (a, c, e) A–300, PEG (2 kDa)/A–300, and BSA(II)/PEG(I)/A–300 
and (b, d, f) A–300, PVA/A–300, and BSA(II)/PVA(I)/A–300 depending on the observation time; (a) insert 
shows silica NP partially covered by PEG 
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Fig. 15. PSD with respect to (a) light scattering, (b) particle volume and (c) particle numbers in the aqueous 
suspensions of A–300, PVP/A–300, and BSA(II)/PVP(I)/A–300 depending on the observation time 

 
An increase in the OVA amounts in the 

suspensions with NS could lead to decreased 
aggregation and increased polydispersity 
(Fig. 12) similar to that for the systems with BSA 
or OVA alone (Fig. 3). This could be explained 
by a decrease in the amounts of the protein 
molecules directly interacting with silica NP with 

increasing protein content, i.e., a fraction of OVA 
could be considered as the solution of the protein 
alone (for which, deagglomeration could be 
observed with increasing concentration, Fig. 3). 

At a smaller relative content of OVA 
(OVA/A–300 = 0.1 wt. % / 0.9 wt. %), but with 
increased content of nanosilica, there are 
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nonmonotonic changes in the PSD and Def vs. pH 
(Fig. 13). The aggregation increases at pH 
between IEP of silica (3.3) and protein (4.5) due 
to enhanced electrostatic attractive interactions 

(Fig. 13 b–d), and it decreases at pH > IEPOVA 
(Fig. 13 e, f) due to enhanced repulsive 
electrostatic interactions. 

 
 

 

Fig. 16. PSD with respect to (a, b) light scattering, (c, d) particle volume and (e, f) particle numbers in the aqueous 
suspensions of (a, c, e) A–50, PVP/A–50, and BSA(II)/PVP(I)/A–50 and (b, d, f) A–50, PVA/A–50, and 
BSA(II)/PVA(I)/A–50 depending on the observation time (inserts show molecular structure of linear PVP 
and PVA) 

 
The structure of polymers (PEG, PVA, and 

PVP) bound to A–300 and A–50 affects the 
interactions with BSA (protein solution was 

subsequently added to the polymer/silica 
dispersion) resulting in changes in the PSD 
depending on the observation time without any 
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additional moving of the DLS cell (Figs. 14–16). 
Note that the pH values were 5.34–8.02 > IEPBSA 
that provides repulsive interactions between 
negatively charged silica NP, polymer/silica (all 
the used polymers bound to silica NP have IEP 
about 3 similar to that of NS), and protein 
molecules as well as between protein molecules 
per se. 

The PVA molecules having many OH groups 
(attached to each second C atom in the PVA chain 
and can form strong hydrogen bonds with both 
silica surface and protein molecules, see Fig. 16, 
right insert) can more strongly increase 
aggregation in the BSA/polymer/NS dispersions 
than PEG or PVP can do, since PEG or PVP (see 
Fig. 16, left insert) do not have the OH groups 
attached to the chains. Note that PVA pre-
adsorbed onto NS practically does not decrease 
subsequent sorption of proteins in contrast to PVP 
or PEG [26, 49]. The mentioned difference is 
stronger for the dispersions with A–300 
(Figs. 14 and 15) than that with A–50 (Fig. 16) 
due to the differences not only in the average NP 
sizes (average NP diameter d = 6/(0SBET)  9.2 
and 52 nm, respectively, where 0  2.2 g/cm3 is 
the true density of NP) and NP size distributions 
but also in their NP aggregation since larger NP 
tend to weaker aggregation [26, 38]. Therefore, 
free individual NP of A–50 can more effectively 
interact with a greater number of polymer and 
protein molecules. In the case of complex 
dispersions, the effects in the systems with           
A–50/PVA result in the formation not only of 
aggregates but also agglomerates at d > 1 µm 
(Fig. 16) in contrast to other systems containing 
only aggregates (Figs. 14–16). These effects are 
well seen not only for PSDN (Figs. 14 e, f, 15 c, 
and 16 e, f) or PSDV (Figs. 14 c, d, 15 b, and 
16 c, d) but also for PSDI (Figs. 14 a, b, 15 a, and 
16 a, b). PVA bound to NS provides enhanced 
aggregation (Fig. 14 b, d, f) in contrast to PEG 
giving certain shifts of the PSD toward smaller 
sizes (Fig. 14 a, c, e). In parallel to aggregation, 
there is a process of certain disaggregation, which 
is weaker for PVP (Fig. 15) than that for the 
dispersions with PEG (Fig. 14). This result could 
be also explained by the difference in the PVP 
(~ 12.6 kDa) and PEG (2 kDa) length and 
structure, since the formation of the PEG PC 
around silica NP is simple and shorter PEG 
molecules have weaker trend in aggregation with 
BSA (Fig. 14 a, c, e) than PVP (Fig. 15) or PVA 

(Fig. 14 b, d, f). In the case of A–50, the PVP 
provides rather certain increase in the aggregation 
(Fig. 16 a, c, e) (agglomerates are absent), but 
PVA gives certain deagglomeration and 
disaggregation (Fig. 16 b, d, f) but weaker than 
that for the dispersion with A–300 with no 
agglomerates (Fig. 14 b, d, f). For the systems 
with A–300 (Figs. 14 and 15), an increase in the 
observation time enhances the observed trend for 
the dispersions with PVA and PVP, but for PEG, 
this effect is weak. For the systems with A–50, an 
increase in the observation time gives stronger 
effects for the dispersions with PVA 
(Fig. 16 b, d, f) than that with PVP 
(Fig. 16 a, c, e). 

CONCLUSION 

In the aqueous media, the behavior of proteins 
dissolved alone or upon interactions with 
nanosilica and polymers depends strongly on a 
number of factors such as the type, structure, and 
concentration of proteins, pH and ionic strength 
of the solutions, temperature, presence of various 
solutes (polymers) and solids (nanooxides), as 
well as various external actions: heating, cooling, 
sonication, high-frequency emission, etc. The 
DLS study results depend also on a state kind 
(equilibrium or nonequilibrium) and observation 
time. Features of the behavior of these dispersions 
are of interest from a practical point of view, 
because similar systems are used in medicine, 
biotechnology, pharmindustry, food and other 
industries. To elucidate some aspects of the 
dependences of the nanostructured dispersions 
characteristics on the mentioned factors, several 
proteins (bovine serum albumin, ovalbumin, 
fibrinogen, Fg parts (E and D), and                       
2–macroglobulin), two nanosilicas (A–300 and 
A–50), and three water-soluble polymers 
(poly(vinyl alcohol), poly(vinyl pyrrolidone), 
poly(ethylene glycol)) have been used in dynamic 
light scattering investigations of the aqueous 
solutions and dispersions. Changes in the protein 
concentrations relatively weakly affect the 
particles size distributions of BSA in contrast to 
OVA due to changes in the reorganization of 
supra-molecular structures and in the viscosity 
(resulting in apparent changes in the PSD if the 
viscosity value is not corrected upon ACF 
treatment). Therefore, mainly diluted systems 
have been studied. The heating/cooling effects, as 
well as HFE (resulting in certain heating of the 
dispersions), depend on the types (molecular 
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shapes) and size of proteins. They are maximal for 
nonglobular Fg with long large molecules in 
comparison to smaller (FE, FN) or globular (MG) 
proteins. Features of interactions of proteins with 
nanosilica and nanosilica/polymers depend on the 
nanosilica type (A–300 or A–50 having NP of 
different sizes and differently aggregated) and the 
presence of the OH groups in bound polymers 
(PVA) since these groups provide stronger 
interactions and aggregations with proteins than 
other polymers without the OH groups in the 
chains (PEG, PVP). The results obtained in the 
present study show possible pathways to control 

the behavior of the protein containing aqueous 
dispersions in a wide range of the characteristics 
that is of importance for various practical 
applications of similar systems. 
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Агрегативна, структурна, конформаційна, міжповерхнева та температурна поведінка білків, розчинених 

самостійно або при взаємодії з нанокремнеземом/полімерами у водному середовищі, залежать від численних 
факторів: типу, структури та концентрації білків, pH розчину, іонної сили, температури, концентрації 
розчинених речовин (наприклад, полімерів) і твердих частинок (наприклад, нанооксидів), різних зовнішніх дій, 
таких як нагрівання, охолодження, ультразвукова обробка, змішування, високочастотне випромінювання 
(HFE) тощо. Особливості поведінки білків в комплексних дисперсіях є цікавими з практичної точки зору, 
оскільки подібні системи широко використовуються в медицині, біотехнологіях, фармацевтичній 
промисловості та харчовій промисловості. Щоб з’ясувати деякі аспекти залежності характеристик 
наноструктурованих дисперсій від зазначених факторів, кілька білків (бичачий сироватковий альбумін, BSA, 
овальбумін, OVA, фібриноген, Fg, частини Fg (центральні домени E (FE) та кінцеві D (FN)), 2–макроглобулін, 
MG), два нанокремнеземи (A–300 і A–50) та три полімера (полівініловий спирт, PVA, полівінілпіролідон, PVP 
та поліетиленгліколь, PEG) використовували у дослідженнях динамічного розсіювання світла (DLS) водних 
розчинів і суспензій. Зміни концентрації білка (1–10 мас. %) відносно слабко впливають на розподіл частинок 
за розміром (PSD) BSA, на відміну від OVA (сильна деагрегація з концентрацією) через зміни в'язкості , які 
можуть спричинити видимі зміни PSD без корекцій  у значеннях при розрахунках з використанням 
автокореляційних функцій. Щоб уникнути цього ефекту, вивчали переважно розведені дисперсії. Ефекти 
нагрівання/охолодження, а також HFE (що призводить до певного нагрівання дисперсій і певних змін у 
водневих зв'язках) залежать від типу (молекулярної форми) і розміру білків, і вони є максимальними для 
неглобулярного Fg (довгі великі молекули) у порівнянні з меншими (FE, FN) або глобулярними (BSA, OVA, MG) 
білками. Особливості взаємодії білків із нанокремнеземом і нанокремнеземом/полімером залежать від типу 
нанокремнезему (A–300 або A–50) та наявності OH-груп у зв’язаних полімерах (PVA), оскільки OH-групи 
забезпечують сильніші взаємодії та агрегацію з білками, ніж інші досліджені полімери без OH-груп у 
ланцюгах (PEG, PVP). Загалом отримані результати показують можливі шляхи контролю поведінки білків у 
складних дисперсіях у широкому діапазоні характеристик. 

Ключові слова: білковий розчин, нанокремнезем, білок/нанокремнезем, білок/полімер/нанокремнезем, 
агрегація, динамічне розсіювання світла, водна дисперсія 
 
 
 
 



Behavior of proteins alone and upon interactions with nanosilicas and polymers in aqueous media 
______________________________________________________________________________________________ 

ISSN 2079-1704. CPTS 2026. V. 17. N 3                       305 

REFERENCES 

1. Somasundaran P. (editor). Encyclopedia of Surface and Colloid Science. Third Edition. (Boca Raton: CRC Press, 
2015). 

2. Lyklema J. Fundamentals of Interface and Colloid Science. (London: Academic Press, V. 1, 1991, V. 2, 1995). 
3. Oudega B. (editor). Protein Secretion Pathways in Bacteria. (Dordrecht: Kluwer Academic Publishers, 2003). 
4. Iler R.K. The Chemistry of Silica. Solubility, Polymerization, Colloid and Surface Properties, and Biochemistry. 

(Chichester: Wiley, 1979). 
5. Bergna H.E., Roberts W.O. (editors). Colloidal Silica: Fundamentals and Applications. (Boca Raton: CRC Press, 

2006). 
6. Birdi K.S. (editor). Handbook of Surface and Colloid Chemistry. Third edition. (Boca Raton: CRC Press, 2009). 
7. Krupa I., Ponnamma D., Bhagyaraj S.M. (editors). Current Advancements in Nanomaterials for Wastewater 

Remediation. Challenges and Mitigation Strategies. (Elsevier, 2025). 
8. Tripathi T., Dubey V.K. (editors). Advances in Protein Molecular and Structural Biology Methods. (Elsevier, 

2022). 
9. Nelson D.L., Cox M.M. Lehninger’s Principles of Biochemistry (4th ed.). (New York: W. H. Freeman & Co., 

2005). 
10. Zhao P., Zhang Z., Ran W., Bai T., Cheng J., Zhang J. Recent advances, challenges, and functional applications 

of protein chemical modification in the food industry. Foods. 2025. 14(16): 2784. 
11. Keskin O., Tuncbag N., Gursoy A. Characterization and prediction of protein interfaces to infer protein–protein 

interaction networks. Current Pharm. Biotechnol. 2008. 9(2): 67. 
12. Chuiko A.A. (editor). Medicinal Chemistry and Clinical Applications of Silica. (Kyiv: Naukova Dumka, 2003). 
13. Blitz J.P., Gun’ko V.M. (editors). Surface Chemistry in Biomedical and Environmental Science. NATO Science 

Series II: Mathematics, Physics and Chemistry. V. 228. (Dordrecht: Springer, 2006). 
14. Shpak A.P., Gorbyk P.P. (editors). Nanomaterials and Supramolecular Structures. (Dordrecht: Springer, 2010). 
15. Vihinen M. Solubility of proteins. ADMET & DMPK. 2020. 8(4): 391. 
16. Bhandari B.K., Gardner P.P., Lim C.S. Solubility-weighted index: fast and accurate prediction of protein 

solubility. Bioinformatics. 2020. 36(18): 4691. 
17. Monkos K. Viscosity of bovine serum albumin aqueous solutions as a function of temperature and concentration. 

Int. J. Biolog. Macromol. 1996. 18(1–2): 61. 
18. Woldeyes M.A., Qi W., Razinkov V.I., Furst E.M., Roberts C.J. Temperature dependence of protein solution 

viscosity and protein–protein interactions: insights into the origins of high viscosity protein solutions. Mol. 
Pharmaceutics. 2020. 17(12): 4473. 

19. Schwenger W., Pellet C., Attonaty D., Authelin J.–R. An empirical quantitative model describing simultaneously 
temperature and concentration effects on protein solution viscosity. J. Pharmac. Sci. 2020. 109(3): 1281. 

20. Gonçalves A.D., Alexander C., Roberts C.J., Spain S.G., Uddin S., Allen S. The effect of protein concentration 
on the viscosity of a recombinant albumin solution formulation. RSC Adv. 2016. 6(18): 15143. 

21. Lindner P., Zemb Th. (editors). Neutron, X–rays and Light Scattering Methods Applied to Soft Condensed Matter. 
(Oxford: Elsevier Science, 2002). 

22. Gun’ko V.M., Klyueva A.V., Levchuk Yu.N., Leboda R. Photon correlation spectroscopy investigations of 
proteins. Adv. Colloid Interface Sci. 2003. 105(1–3): 201. 

23. Roy B., Niture S., Wu M.H. Biological effects of low power nonionizing radiation: A narrative review. J. Radiat. 
Res. Imaging. 2021. 1(1): 1. 

24. Jing R., Jiang Z., Tang X. Advances in millimeter–wave treatment and its biological effects development. Int. J. 
Mol. Sci. 2024. 25(16): 8638. 

25. Dagli N., Dagli R., Thangavelu L. Interaction of millimetre waves used in 5G network with cells and tissues of 
head-and-neck region: A literature review. Adv. Hum. Biol. 2023. 13(2): 168. 

26. Gun’ko V.M., Turov V.V., Zarko V.I., Dudnik V.V., Tischenko V.A., Voronin E.F., Kazakova O.A., Silchenko S.S., 
Barvinchenko V.N., Chuiko A.A. Aqueous suspensions of fumed silica and adsorption of proteins. J. Colloid 
Interface Sci. 1997. 192(1): 166. 

27. Gun’ko V.M., Vlasova N.N., Golovkova L.P., Stukalina N.G., Gerashchenko I.I., Zarko V.I., Tischenko V.A., 
Goncharuk E.V., Chuiko A.A. Interaction of proteins and substituted aromatic drugs with highly disperse oxides 
in aqueous suspensions. Colloids Surf., A. 2000. 167(3): 229. 

28. Mironyuk I.F., Gun’ko V.M., Turov V.V., Zarko V.I., Leboda R., Skubiszewska–Zięba J. Characterization of 
fumed silicas and their interaction with water and dissolved proteins. Colloids Surf., A. 2001. 180(1–2): 87. 

29. Gun’ko V.M., Mikhailova I.V., Zarko V.I., Gerashchenko I.I., Guzenko N.V., Janusz W., Leboda R., Chibowski S. 
Study of interaction of proteins with fumed silica in aqueous suspensions by adsorption and photon correlation 
spectroscopy methods. J. Colloid Interface Sci. 2003. 260(1): 56. 



V.M. Gun’ko 
______________________________________________________________________________________________ 

306                             ISSN 2079-1704. CPTS 2026. V. 17. N 3 

30. Chaplin M. Water structure and science. http://www1.lsbu.ac.uk/water/, accessed on 20 December, 2025. 
31. Gun’ko V.M., Turov V.V. Nuclear Magnetic Resonance Studies of Interfacial Phenomena. (Boca Raton: CRC 

Press, 2013).  
32. Chakraborty P., Mohanta D. (editors). Low-Dimensional Materials, Systems and Applications. Principles, 

Methods, and Approaches in Electronics and Photonics. (Woodhead Publishing, 2025). 
33. Grumezescu A.M. (editor). Inorganic Frameworks as Smart Nanomedicines. (William Andrew, 2018). 
34. Thomas S., Seantier B., Joseph B. (editors). Engineering of Natural Polymeric Gels and Aerogels for 

Multifunctional Applications. (Elsevier, 2024). 
35. Kohlmeier M. Nutrient Metabolism. Structures, Functions, and Genes. 2nd Edition. (Academic Press, 2015). 
36. Cao X., Li J., Yang X., Duan Y., Liu Y., Wang C. Nonisothermal kinetic analysis of the effect of protein 

concentration on BSA aggregation at high concentration by DSC. Thermochimica Acta. 2008. 467(1–2): 99. 
37. Li H., Wang Y., Tang Q., Yin D., Tang C., He E., Zou L., Peng Q. The protein corona and its effects on 

nanoparticle-based drug delivery systems. Acta Biomaterialia. 2021. 129: 57. 
38. Gnoatto J.A., Moras A.M., de Oliveira J.V., Arndt E., Dallegrave A., Borba da Cunha A.C., Moura D.J., Zimnoch 

dos Santos J.H. PEGylated and zwitterated silica nanoparticles as doxorubicin carriers applied in a breast cancer 
cell line: Effects on protein corona formation. J. Drug Delivery Sci. Technol. 2022. 71: 103325. 

39. Liang C.L., Xiang Q., Cui W.M., Fang J., Sun N.N., Zhang X.P., Li Y.N., Yang H., Yu Z., Jia X.D. Subchronic 
oral toxicity of silica nanoparticles and silica microparticles in rats. Biomed. Environ. Sci. 2018. 31(3): 197. 

40. Kesharwani P., Jain N.K. (editors). Hybrid Nanomaterials for Drug Delivery. (Elsevier, 2022). 
41. Ruh H., Kühl B., Brenner-Weiss G., Hopf C., Diabaté S., Weiss C. Identification of serum proteins bound to 

industrial nanomaterials. Toxicol. Lett. 2012. 208(1): 41. 
42. Marucco A., Turci F., O’Neill L., Byrne H.J., Fubini B., Fenoglio I. Hydroxyl density affects the interaction of 

fibrinogen with silica nanoparticles at physiological concentration. J. Colloid Interface Sci. 2014. 419: 86. 
43. Wilczewska A.Z., Niemirowicz K., Markiewicz K.H., Car H. Nanoparticles as drug delivery systems. Pharmacol. 

Rep. 2012. 64(5): 1020. 
44. Ménarda M., Meyer F., Parkhomenko K., Leuvrey C., Francius G., Bégin-Colin S., Mertz D. Mesoporous silica 

templated-albumin nanoparticles with high doxorubicin payload for drug delivery assessed with a 3-D tumor cell 
model. BBA-General Subjects. 2019. 1863(2): 332. 

45. Singh P., Srivastava S., Singh S.K. Mesoporous nanosilica: A thromboprotective nanomaterial for biomedical 
applications. Toxicol. Vitro. 2022. 83(8): 105421. 

46. Gun’ko V.M., Turov V.V. Interfacial phenomena in nanostructured systems with various materials. 
ChemPhysChem. 2024. 25(6): e202300622. 

47. Sanchez–Dominguez M., Rodriguez–Abreu C. (editors). Nanocolloids. A Meeting Point for Scientists and 
Technologists. (Elsevier, 2016). 

48. Rani M., Shanker U. (editors). Sustainable Nanomaterials. (Elsevier, 2025). 
49. Reddy B. (editor). Advances in Nanocomposites – Synthesis, Characterization and Industrial Applications. 

(INTECH Open Access Publisher, 2011). 
50. Albrecht M.A., Evans C.W., Raston C.L. Green chemistry and the health implications of nanoparticles. Green 

Chem. 2006. 8(5): 417. 
51. Henderson M.A. The interaction of water with solid surfaces: fundamental aspects revisited. Surf. Sci. Report. 

2002. 46(1–8): 1. 
52. Al–Abadleh H.A., Grassian V.H. Oxide surfaces as environmental interfaces. Surf. Sci. Report. 2003. 52(3–4): 

63. 
53. Rai D., Beaucage G., Jonah E. O., Britton D. T., Sukumaran S., Härting, M. Quantitative investigations of 

aggregate systems. J. Chem. Phys. 2012. 137(4): 044311. 
54. Meakin P., Majid I., Havlin S., Stanley H.E. Topological properties of diffusion limited aggregation and cluster–

cluster aggregation. J. Phys. A: Math. General. 1984. 17: L975. 
55. Hunter R.J. Zeta Potential in Colloid Sciences. (London: Academic Press, 1981). 
56. Hunter R.J. Introduction to Modern Colloid Science. (London: Oxford University Press, 1993). 
57. Gun’ko V.M., Zarko V.I., Leboda R., Chibowski E. Aqueous suspensions of fumed oxides: particle size 

distribution and zeta potential. Adv. Colloid Interface Sci. 2001. 91(1): 1. 
58. Mulderig A., Beaucage G., Vogtt K., Jiang H., Kuppa V. Quantification of branching in fumed silica. J. Aerosol 

Sci. 2017. 109: 28. 
59. Boldridge D. Morphological characterization of fumed silica aggregates. Aerosol Sci. Technol. 2010. 44(3): 182. 
60. Protein Data Bank. https://www.rcsb.org/. 2025. 
61. Jmol: an open–source Java viewer for chemical structures in 3D. https://jmol.sourceforge.net/, ver. 16.3.49. 

2026. 
62. Zhurko G.A., Zhurko D.A. Chemcraft (version 1.8, build 802b). http://www.chemcraftprog.com. 2025. 



Behavior of proteins alone and upon interactions with nanosilicas and polymers in aqueous media 
______________________________________________________________________________________________ 

ISSN 2079-1704. CPTS 2026. V. 17. N 3                       307 

63. Avogadro2. https://two.avogadro.cc/index.html, ver. 1.102. 2025. 
64. Lebedev A.D., Levchuk Yu.N., Lomakin A.V., Noskin V.A. Laser Correlation Spectroscopy in Biology. (Kyiv: 

Naukova Dumka, 1987). 
65. Mishchenko M.I., Hovenier J.W., Travis L.D. (editors). Light Scattering by Nonspherical Particles: Theory, 

Measurements, and Applications. (New York: Academic Press, 2000). 
66. Wax A. Biomedical Applications of Light Scattering. (New York: McGraw-Hill, 2010). 
67. Levchuk Yu.N., Mostovaya A.V., Skripets E.Yu. Dopov. NAN Ukr. 1995. 7: 138. 
68. Levchuk Yu.N., Karachentseva A.I., Andreev E.I. Electron. Obrabot. Metal. 1990. 154(6): 53. 
69. Gun’ko V.M., Zarko V.I., Voronin E.F., Goncharuk E.V., Andriyko L.S., Guzenko N.V., Nosach L.V., Janusz W. 

Successive interaction of pairs of soluble organics with nanosilica in aqueous media. J. Colloid Interface Sci. 
2006. 300(1): 20. 

70. Provencher S.W. A constrained regularization method for inverting data represented by linear algebraic or integral 
equations. Comp. Phys. Comm. 1982. 27(3): 213. 

 
 
 
 

Received 05.01.2026 
Accepted 01.08.2026 

Published 25.08.2026 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /RUS <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


