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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 a.—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 (1-10wt. %) 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 (1) that could give apparent changes in PSD
without corrections in the 1 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.

Keywords: protein solution, nanosilica, protein/nanosilica, protein/polymer/nanosilica, aggregation, dynamic
light scattering, aqueous dispersion behavior

INTRODUCTION globular, branched, or twisted long-chains
The behavior and characteristics of aqueous nonglobular proteins in aqueous media could be
strongly shape-dependent due to

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, Dbiotechnology,
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
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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, efc. 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, a,—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 (fure) of high—
frequency emission (HFE, fure=54-78 GHz,
~3mW, 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-
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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 Sper=297 and 52 m* g™,
respectively [31]) were preheated at 673 K for
several hours to remove residual HCI 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 pHigp <3), poly(vinyl alcohol), PVA
(PJSC “Concern Stirol”, Severodonetsk, Ukraine;
43+7 kDa, pHiep = 3), poly(ethylene glycol), PEG
(Fluka, 2 and 35 kDa, pHigp = 2.5).

Several proteins have been used: bovine
serum albumin (BSA, Sigma, total concentration
of lipids and fatty acids (LFA) as admixtures
Cira < 0.01 wt. %, and BSA’, BIOLAR, Olaine,
Latvia, Cia=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 oa,—macroglobulin (MG,
tetramer of 725kDa, 2.5mg/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 A~ 633 nm,
light scattering angle, LSA 6#=90°) at 298 K
(Figs. 2,4, and 9-16) or a DLS apparatus
(A= 633 nm, scattering angles varied in the range of
6=15-90°, 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® measured
by the DLS method [22]

Qe
g?(@)=B [ ¢’/d exp[-Bg’r/d ] f(d)dd (1)

d,

‘min
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where B= kT / (37n) ,t = tr—t is the correlation
time (t = 3.0x107°-5.0x107 s), k is Boltzmann’s
constant, 7 is the temperature in the 288—-338 K
range, 77 denotes the viscosity of the liquid at 7, »n
is the refractive index of a dispersion medium,
q = (4nn/M)sin(6/2), 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 HCIl or NaOH solutions. To
compute the D 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

dmax

Det= j

d

df(dydd/ | f(d)dd

d

2

min min

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

PD = p,/T? (3)

where i, = (D* —D")¢*, D" is the average value
of the diffusion coefficient, I' = D7g” + 6Dy 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  d =kT/(3zD,;7). Monodisperse

particles correspond to PD < 0.02, narrow PSD
gives 0.02 <PD < 0.08, and the D.r value is in the
PSD peak range. In the case of significant
polydispersity PD >0.08 characteristic for
polymodal PSD, the D.s value could be out of
particle sizes observed in the PSD, e.g., the value
of D¢r could be greater than the observed sizes of
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aggregates and smaller than that of agglomerates,
and the D¢ 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]

dl,j = Z]Vi,jdfj /Z]Vi,jdsj ) 4)
particle number
dN,j = Z]Vi,jdi,j /ZNi,j , (5)

and particle volume (or weight for uniform
particles)

_ 4 3
dV,j - Z]vi»jdi,j /Z]vi,.idi,j ’ (6)
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where N;; is the i-numbers of particles in certain
j-interval (mesh cell) of sizes. The d.; values
correspond to discrete PSD,, where x =1, V, and
N, i.e., the PSD in Egs. (4)—(6) correspond to the
distribution functions with respect to light
scattering intensity (PSDy), particle volume
(PSDy), and numbers (PSDx), respectively.
Typically, for the average values dy < dy < d;
(where the equality occurs only for monodisperse
systems with minimal PD wvalue), for non-
monodisperse systems, that results in a certain
shifts PSDn toward smaller sizes in comparison to
PSD;y or PSDv and the same for PSDy comparing
to PSD:. Note that all functions in Eqgs. (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].
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PSD; of (@) 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 PSD; (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. %, 6 =90°, 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 ). 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
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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., 22kHz and 500 W). Low-concentrated
suspensions (Csio2 = 0.1 wt. %) were used to
avoid strong aggregation which could be caused

ISSN 2079-1704. CPTS 2026. V. 17. N 3
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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 Cgsa = 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

15kV 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 (#,sup to 9 hours)
of the A—300 aqueous suspension (5 wt.%) does
not lead to a low polydispersity since PD = 0.299
and Der=755nm at fs=9h. 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 D.r value increases
with temperature independent on the pH value
due to enhanced NP aggregation [57].
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At smaller concentrations of A-300, the
polydispersity and D.r values could be low for
bimodal PSD at Ca300=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=10-20nm (Fig.2e)
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
Csioo <1 wt. % that also provides certain
diminution of unwanted multi-scattering effects
[65, 66]. The NP size distributions correspond to
ca. 4-18nm, dyw=92nm (A-300) and
30-100 nm, dw=524nm (A-50), but
hydrodynamic dy, 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<1pum) and agglomerates
(d>1pum) 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, efc. 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, fure, 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
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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.
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Fig. 2. PSD in the sonicated aqueous suspensions of A—300 at different pH values and concentrations: (@) 0.1, (b)
0.2, (¢) 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, ¢, d, f) TEM and (b, ) SEM images of (a, b, ¢, d, f) initial and
(e) wetted—dried A—300 (scale bars (a, ¢, d, f) 20 nm, (e) 100 nm, and (b) 4 um)
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PSD, (arb.un.)

1000
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Fig. 3.

at 09wt% NaCl and temperature

PSDi (computed with Eq. 1) of proteins (BSA and OVA) in the aqueous solutions with different concentrations
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, efc.)
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=50-100nm) 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 wviscosity vs. concentration relationship
depends on the type, shape, and aggregation
degree of proteins. Additionally, the protein

ISSN 2079-1704. CPTS 2026. V. 17. N 3
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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 wviscosity 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 pm 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 um and
agglomerates at d=2-8 pm) 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
Cisa <1wt. % 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 > IEPgsa with negative
charging of the BSA molecules (Fig. 4 ¢, d). The
PSD could become bimodal with increasing Cgsa
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from 0.07 wt. % (monomodal PSD, Fig. 4 ¢) to
0.7 wt. % (Fig. 4 d). However, for the latter,
contribution of agglomerates is small and the Der
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 um (Fig. 4 a, b, d). This weak
agglomeration could be explained by low
amounts of lipids and fatty acids
(Cita < 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 Ci 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
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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 PSDy 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.5a) and MG (Fig.5¢) form mainly
aggregates (diameter 0.1 ym <d <1 pm) and
agglomerates of aggregates (d > 1 um) observed
at all used LSA. Smaller FN molecules (D
domains of Fg) could form Ilarge
secondary/ternary structures (d = 0.3—10 um) and
weakly  aggregated secondary  structures
(d<100nm), as well as non-aggregated
molecules (d = 10-15 nm) (Fig. 5 b).
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Fig. 4. PSD (with respect to the light scattering intensity, particle volume and numbers) of BSA oligomers
(d <100 nm), aggregates (0.1 um < d < 1 pm) and agglomerates (d > 1 um) at pH (a) 3.92, (b) 6.34, and
(c, d) 8.5 and concentration Cgsa = (a, b, ¢) 0.07 wt. % and (d) 0.7 wt. %
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Fig. 5. PSD; (computed with Eq. 1) of proteins (a) fibrinogen, Fg, (b) N—terminal part (FN) of Fg, and (¢) macroglobulin,
MG, at different scattering angles in the range of 15-90° 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. 6 is minimal for the
largest MG (Fig. 5 ¢) 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

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

291

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
anoise 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

(a) go00 | I. Heating, 313.6 K
1 Experimental
2- -+ - Computed
6000 Cooling, 299.0 K
3—— Experimental
i, 4=+ = Computed
&5 4000 |
<

20004

04

000 002 004 006 008

T (s)

Fig. 6.

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
ACEF 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, curvel) and with (curve?2)
convectional circulations are similar. The

observed PSD; difference (Fig. 6 b) could be
caused by the difference in the dispersion
temperature and process kind (heating and
cooling).

0.44 Heating
1— 336K
Cooling

0.2 2——299.0K /N

100 1000
Diameter (nm)

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 (¢) ACF (experimental and
computed with Eq. (1) using the regularization procedure) and (») PSD; 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 um <d <1 pm (Fig. 7 a, b). This effect could
be explained by a long and thin shape of large Fg
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molecules (see insert in Figs. 6  and 8 a) and an
increase in Fg agglomeration (4> 1 pm) with
temperature (Fig. 7 a), since contribution of
aggregates (0.1 pm <d <1 pm) 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 ¢, 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, /) than for
Fg due to globular structure of MG (see insert in
Fig. 7 h) and formation mainly of agglomerates
(d> 1 pm) with a small contribution of individual
molecules and small oligomers d <50 nm upon
both heating and cooling.
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It

L )

Fig. 7. Effects of heating («, c, e, g) and then cooling (b, d, f; h) of the aqueous solutions of proteins (a, b) Fg, (¢, 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/pdb11t9/pdb), and (g, #) MG (https://doi.org/10.2210/pdb4U48/pdb) vs.
temperature with respect to PSD; (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 fiirg = 54-78 GHz and Afure = 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 PSD; (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 A =632.8 nm, scattering
by particles at d<A/4=1582nm 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 << A/4.
Therefore, intensity of light scattered by
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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 7= 303
and 301 K, 304 and 303 K (pretreated at
frequency fure =54 GHz), 311 and 305K
(64 GHz), 308 and 303 K (70 GHz), respectively.

w

LS
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[
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—*— BSAYA-300
| —a— OVA/A-300
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w
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Fig. 9.

These changes can affect the PSD (Figs. 7 and 8).
Asa WhOle, PSDrg < PSDgn < PSDFg < PSDwg vs.
T (Fig. 7) or fure (Fig. 8) that is correlated to the
sizes and shapes of the proteins. Stronger HFE
effects on PSDy vs. fure (appearing in enhanced
contribution of aggregates with furg) are observed
for Fg (Fig. 8 a) and FE (Fig. 8 b) than that for FN
(Fig. 8 ¢) 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
NP,

polymers bound to silica and

(ii1) equilibration time (Figs. 14-16).

4000 —<—A-300
i BSA &«
—*— BSA/A-300

—a— OVA/A-300
30004 o

1000+

pH

(a) Electrophoretic mobility as a function of pH of particles of pure A—300, two BSA samples (BSA at

Cita < 0.01 wt. % and BSA’ at Cir, = 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
D 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 ) since
the electrophoretic mobility (£ potential) is close
to zero (Fig. 9 a). This is due to a decrease in the
molecules charging at pHip 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

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

295

between ca. 3 and IEP of proteins (IEPova= 4.2-4.5
and IEPgsa = 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 Ci < 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 [EPgsa, 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 > IEPgsa
(Fig. 10 ¢), 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.10d) than that at lower pH
(Fig. 10 ¢). Note that the difference in the
positions of the PSD;, PSDv, and PSDy peaks is
due to the difference in the light scattering ability
of small individual silica nanoparticles and
molecules (d << A1) (lower ones) and their
aggregates (A/4<d<24) and agglomerates
(d>21) (greater ones) that affect these
characteristics computed with Egs. (4)—(6).
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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 (¢) molecular model

of protein-silica NP)
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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) 548, (d) 6.96, (¢) 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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An increase in the amounts of lipids and fatty
acids as admixtures (BSA’ solution has
Cia = 2 wt. %) and NS appearance in the aqueous
media (Fig. 11) result in enhanced aggregation

298

PSD (with respect to the light scattering intensity, particle volume and numbers) of NS/ovalbumin in
aqueous suspensions at Ca_3o = 0.25 wt. % and Cova/Ca-300 = (@) 0.172, () 0.23, and (c) 0.276

(i.e., decreasing dispersion stability) in
comparison to the solutions of BSA (at low Cis
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),
TEPA300 < pH < IEPgsa (Fig. 11 b), and
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pH > IEPgsa (Fig. 11 ¢—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. 11d) or
greater pH (Fig. 11 e).
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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 (PSDy), (¢, d) particle volume (PSDv) and (e, f) particle numbers
(PSDy) in the aqueous suspensions of (a, ¢, ) 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(I1)/PVA(I)/A-300 depending on the observation time; (a) insert
shows silica NP partially covered by PEG
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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
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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 D¢ vs. pH

(Fig. 13 b—d), and it decreases at pH > IEPova

(Fig. 13). The aggregation increases at pH (Fig. 13 e,f) due to enhanced repulsive
between IEP of silica (3.3) and protein (4.5) due electrostatic interactions.
to enhanced electrostatic attractive interactions
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Fig. 16.

The structure of polymers (PEG, PVA, and
PVP) bound to A-300 and A-50 affects the
interactions with BSA (protein solution was

Diameter (nm)

Diameter (nm)

PSD with respect to (a, b) light scattering, (¢, d) particle volume and (e, f) particle numbers in the aqueous
suspensions of (a, ¢, ) A—50, PVP/A-50, and BSA(II)/PVP(1)/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)

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 > IEPgsa
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/(poSser) = 9.2
and 52 nm, respectively, where po ~ 2.2 g/em’ 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 um
(Fig. 16) in contrast to other systems containing
only aggregates (Figs. 14-16). These effects are
well seen not only for PSDy (Figs. 14 ¢, f, 15 ¢,
and 16e¢,f) or PSDy (Figs. 14 ¢,d, 15b, and
16 ¢, d) but also for PSD; (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
(~12.6kDa) and PEG (2kDa) 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
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(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, /) 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, ¢, 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
ox—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 the behavior of the protein containing aqueous
nonglobular Fg with long large molecules in dispersions in a wide range of the characteristics
comparison to smaller (FE, FN) or globular (MG) that is of importance for various practical
proteins. Features of interactions of proteins with applications of similar systems.

nanosilica and nanosilica/polymers depend on the
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IloBeninka 0inkiB OKpeMo Ta NpH B3a€MOJil 3 HAHOKPEMHE3eMOM i moJTiMepaMu y BOJHHUX
cepegoBHIAX

B.M. I'yanko (https://orcid.org/0000-0001-6333-3441)

Tuemumym ximii nogepxui im. O.0. Yytixa Hayionanvuoi akademii nayx Yxpainu
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AepecamusHa, cmpykmypHa, KOHGOpMayiliHa, MIdDCNOBEPXHe8a Ma memnepamypHa nogediHKka OiKi6, pO3UUHEHUX
camocmitiHo abo npu 83a€mMo0ii 3 HAHOKPEMHE3eMOM/NOAIMEPAMU Y BOOHOMY CepeOO08UIYi, 3AeHCAMb i0 YUCTEHHUX
¢axmopis: muny, cmpykmypu ma kowyenmpayii 6inkie, pH po3zuuny, ioHnoi cunu, memnepamypu, KOHyeHmpayii
PO3UUHEHUX PeYOBUH (HANPUKILAO, NONIMEDPIB) T MEePOUX YACTNUHOK (HANPUKIAO0, HAHOOKCUOIB), PIZHUX 306HIWUHIX Oill,
MAaKux sAIK HASPI8AHHS, OXOJOOJCEHHS, YIbMPA36YKo8a 00pOOKA, 3MIULY8AHHS, BUCOKOYACIOMHE BUNPOMIHIOBANHS
(HFE) mowo. Ocobausocmi nogedinku OiIKI6 6 KOMIIEKCHUX OUCNEPCIAX € YIKABUMU 3 NPAKMUYHOI MOYKU 30DY,
OCKIMbKU NOOIOHI  cucmemu WUPOKO GUKOPUCMOBYIOMbCL 6  MeOUYuHi, OIOMexXHON02IAX, papmMayeemuyHill
npomucrogocmi ma xapuogii npomucirosocmi. IIJob 3’sacyeamu OesKi Acnekmu 3a1eiCHOCMi Xapakmepucmux
HAHOCMPYKMYPOBAHUX OUCHEPCIll 810 3A3HAYeHUX PaKmopis, Kinvka OLIKie (buyauuu cuposamrosuti anbOymin, BSA,
oganvoymin, OVA, ghiopunocen, Fg, vacmunu Fg (yenmpanoni oomenu E (FE) ma xinyesi D (FN)), cr-maxpoeno6ynin,
MG), 06a nanokpemuesemu (A—300 i A—50) ma mpu nonimepa (noaigininosuti cnupm, PVA, nonigininniponioon, PVP
ma noniemunenenixons, PEG) euxopucmosyganu y 00CHONCeHHAX OUHaMIuH020 po3scitogants ceimaa (DLS) eoonux
po3uuHis i cycnensii. 3minu xonyenmpayii 6inka (1-10 mac. %) 8ionocno crabko eniugaioms Ha po3nooil YacmMuHOK
3a pos3mipom (PSD) BSA, na eiominy 6io OVA (cunvna deazpezayis 3 KOoHyenmpayiero) uepes 3minu 8'a3xocmi 1], AKi
MOdHCYMb  cnpuyuHumu euoumi 3minu PSD 6e3 kopexyiti 1] y 3HAYEHHAX NpU PO3PAXYHKAX 3 BUKOPUCTAHHAM
asmoxopenayiunux @yuxyiu. L[Jo6 yHukHymu yvozo epexmy, uguanu nepesaxcHo posgederi oucnepcii. Egexmu
Haepiganus/0xon00xcenus, a makodxc HFE (wo npuzeooums 00 nesHo20 HA2pi6aHHs OUCNEpCil i NesHux 3MiH )
B00HeBUX 38'A3KAX) 3a1excamyb 8i0 muny (MOLeKyIaApHoi gopmu) i po3mipy 6IIKig, i 80HU € MAKCUMATLHUMU O
neznobdynapuoeo Fg (0oszi eenuxi monexynu) y nopisuanui 3 menuwiumu (FE, FN) abo enobynapuumu (BSA, OVA, MG)
oinkamu. Ocobrueocmi 63aemo0ii OLIKI6 i3 HAHOKPEMHEIEMOM I HAHOKPEMHEIEMOM/NOLIMEPOM 3ANeXHCaAMb 810 MUy
Hanokpemuesemy (A-300 abo A-50) ma nasenocmi OH-epyn y 36 sizanux nonimepax (PVA), ocxineku OH-epynu
3abesneuyioms CUNbHIWI 63A€MO0Il ma azgpezayilo 3 OLkamu, Hidc Hui O0ocnioxceni nonimepu ez OH-epyn y
nanyioeax (PEG, PVP). 3azanom ompumani pesyiomamu nOKA3y10mb MONCIUGE WAIAXY KOHMPONIO NOBEOTHKU OIIKIE Y
CKAAOHUX OUCREPCIAX Y WUPOKOMY OIaNa30HI XapaKmepucmux.

Knrouosi cnosa: 6inkosuii pozuuH, HAHOKpeMHe3eM, OLIOK/HAHOKpeMHe3eM, OLIOK/NoNiMep/HaHOKpeMHe3eM,
aepezayis, OUHAMIYHE PO3CIIO8AHHS CEIMAA, BOOHA OUCNepPCis
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