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Technologies have been developed for the production of nanocomposite systems based on
hydrophilic and hydrophobic silicas or their mixtures with biologically active plant-based
compounds, such as betulin, pectin and inulin. The physicochemical properties and structure of
the adsorption layer have been studied, and the concentration ratios of the components at which
the active substances are in their most active, nanoscale state have been determined. Information
has been obtained on the possibilities of regulating the release rate of biologically active
components from composite systems. Inulin and other bioactive substances (BAS) forms composite
systems with hydrophilic or a mixture of hydrophilic and hydrophobic silica during mechanical
processing, maintaining a high specific surface area of the composite system. At the same time
BAS are uniformly distributed on the surface of mineral particles. Both in initial materials and in
composite systems, adsorbed water is in the form of nanoscale or subnanoscale clusters formed
by strongly-associated water, molecules of which simultaneously participate in the formation of
2-3 hydrogen bonds. A weakly polar organic medium has a disordering (chaotropic) effect on
water. As the temperature decreases, the ordering of adsorbed water molecules increases,
although in some systems, temperature intervals are fixed at which the cosmotropic effect of the
surface on adsorbed water takes place. The addition of hydrophobic silica AML1 to the A-300/BAS
composite system leads to an increase in the surface-water interaction. The magnitude of the
interfacial energy correlates with a decrease in the radius of the adsorbed water clusters. Aqueous
gels created from silica and BAS exhibit the properties of non-Newtonian fluids, which depending
on the magnitude of shear strain can exhibit both pseudoplastic and dilatant properties.

Keywords: hydrophilic and hydrophobic silicas, pectin, inulin, betulin, succinic acid, composite
systems, strongly and weakly associated water.

INTRODUCTION

Nanopharmacology encompasses the pharmacological use of nanoparticles, quantum dots,
carbon nanotubes, gold and silver nanoparticles, and their combined use with traditional
pharmaceuticals, as well as the study of the influence of nanoparticles on metabolic processes.
Nanopharmacology is particularly active in the development of new types of anticancer drugs,
drug delivery systems, and the construction of complex multi-layered drugs, for example, using
liposomes, monoclonal antibodies, magnetic carriers, etc. [1-6].

In recent years, the creation of new types of functionalized materials for use in
biotechnological processes and advanced biomedical materials has been achieved through the
development of composite systems comprising hydrophilic and/or hydrophobic highly dispersed
materials, organic substances of various chemical natures, water, and certain types of compounds
that impart predetermined properties. In complex heterogeneous systems, their adsorption and
technological characteristics depend largely on the self-consistent processes that occur during
composite formation, i.e., the formation of supramolecular systems with minimal thermodynamic
potentials. These effects can be used in the development of methods for controlling the properties
of a composite system by varying its hydrophobic-hydrophilic interactions, the processes of cluster
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formation of aqueous and aqueous-organic systems included in the composites, and the influence
on the phase state of the components [7, 8]. Sufficiently technologically advanced methods have
been developed for converting hydrophobic, highly dispersed adsorbents into a highly hydrated
state [9, 10], which can serve as a technological basis for the preparation of complex heterogeneous
systems and their use in aqueous media, which are the basis of most biological fluids.

Unlike liquids, solid particles with different hydrophobic-hydrophilic properties (in the dry
state) can form a virtually homogeneous mixture after mechanical mixing, in which both types of
particles are part of common aggregates and interact within them via van der Waals forces. The
difference in the interaction energies of hydrophobic, hydrophilic, and mixed particles is not great.
However, the possibility of the coexistence of dissimilar particles in the volume can be disrupted
by the addition of a liquid phase (surfactant, water, or hydrophobic liquid) [11, 12]. Spontaneous
separation of components in mixtures of powders or viscous liquids (microcoagulation) caused by
Brownian motion cannot occur or occurs very slowly; however, this process can be significantly
accelerated under the influence of mechanical stress applied to the composite system during its
mixing, especially in the presence of surfactants. Since coagulation reduces the free energy of a
multicomponent system, it should lead to an increase in the binding energy of liquid components
to the surface of dispersed particles. This effect can be used to structurally modify the mineral
component of a composite system.

In recent studies carried out at the Chuiko Institute of Surface Chemistry [13], it has been
shown that water adsorption in oxide nanostructured materials occurs via a cluster formation
mechanism, in which clusters, the size of which is determined by the morphology of interparticle
gaps and the hydrophobic-hydrophilic properties of the surface, are adsorbed on the primary
surface centers rather than individual molecules. Clustered water has a number of unusual
properties that distinguish it from bulk water: For example, polar organic substances, including
mineral acids, dissolve poorly in nanosized water clusters [14]. A weakly polar medium can
displace water, replacing it at the surface, which leads to an increase in the average radius of
adsorbed water clusters [15].

A large body of scientific information has been obtained in the study of hydration problems
in hydrophobic materials. It has been established that, using dosed mechanical loads, powders of
hydrophobic substances can be transferred to an aqueous medium, with the energy of interaction
of water with a hydrophobic surface being even greater than with a hydrophilic one [16,17]. It has
been shown that the introduction of a small amount of a solid hydrophobic agent, such as
methylaerosil, into the mineral base of composite systems can lead to a tenfold increase in water
binding [18, 19]. Thus, a significant base for fundamental research has been created for the
development of a new generation of composite systems for medical purposes.

SILICA MATERIALS AND RESEARCH METHODS

Materials. Highly dispersed silica A-300, produced by the Kalush Experimental Plant of
the Chuiko Institute of Surface Chemistry, National Academy of Sciences of Ukraine, was used.
Its specific surface area (by nitrogen at 76 K) was 295 m?/g, and the total pore volume was about
1 cm®/g. It should be noted that the structure of nanosilica particles (unlike silica gels) is not rigid
and strongly depends on preliminary preparation. In particular, if its initial bulk density after
production is 50 mg/ml, various methods of mechanical or hydraulic compaction can increase it
to 200 mg/cm?® [17]. This occurs mainly due to changes in the structure of aggregates and does not
affect the structure of primary silica particles [18, 19].

Hydrophobic silica of the AM1 brand was used as methylsilica, with a specific surface area
Seer = 175 m?/g and a total pore volume V, = 0.8 cm®/g (Kalush, Ukraine), obtained by chemical
modification of the surface of the initial A-200 nanosilica with dimethyldichlorosilane. As a result
of the reactions, pairs of dimethylsilyl groups are formed, crosslinked by siloxane bridges
:Si(CH3)2-O-Si(CH3)2-.
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X-ray diffraction (XRD). X-ray diffraction patterns were recorded over 20 =5 —70°
range using a DRON-3M (Burevestnik, St. Petersburg) diffractometer with Cu K., (4 = 0.15418
nm) radiation and a Ni filter. The XRD data could be used for simple estimation of average sizes
of crystallites using Scherrer or Debye—Scherrer equations [20, 21].

Infrared spectroscopy. Infrared spectra of the studied samples were recorded using a
Fourier transform infrared (FTIR) IRTracer—100 (Shimadzu) spectrophotometer with a diffuse
reflectance (DR) attachment DRS—8000A. To record the IR spectra, samples with A-300 or AM1
alone or with KBr (1:300) were pressed into thin pellets (~20 mg).

Thermogravimetry. Thermograms (thermogravimetry, TG at the average weight errors
+0.1 mg, differential TG, DTG, and differential thermal analysis, DTA data) were recorded using
a Derivatograph Q—1500 D apparatus (Paulik, Paulik & Erdey, MOM, Budapest, Hungary) upon
heating of samples (~0.2 g) in air at a heating rate of 10°C/min from 20°C to 1000°C. The TG
curves show that the amounts of water in samples under measurements are smaller than the initial
ones due to water evaporation upon sample preparation.

NMR spectroscopy and cryoporometry. Low-temperature *H NMR spectra of static
samples were recorded using a high-resolution NMR spectrometer (Varian 400 “Mercury’) with
an operating frequency of 400 MHz. Eight 60° probe pulses were used with a duration of 1 ps and
a bandwidth of 20 kHz. The temperature was using a Bruker VT-1000 thermal attachment with an
accuracy of £1 degree. Signal intensities were determined by measuring peak areas using a signal
decomposition procedure assuming a Gaussian waveform and optimizing the zero line and phase
with an accuracy of at least 5 % for well-resolved signals and +10 % for overlapping signals. To
prevent overcooling of water in the objects under study, measurements of the concentration of
unfrozen water were carried out by heating of samples pre-cooled to 210-215 K. Temperature
dependences of the intensity of *H NMR signals were carried out in an automated cycle, when the
sample was kept at a constant temperature for 5 min, and the measurement time was 1 min.

The process of freezing (thawing) of water bound to solids occurs with changes in the
Gibbs free energy caused by the influence of a solid surface, confined space effects, solutes,
colligative properties of solutions (cryoscopic effects), and co-solvents. Frozen water does not
contribute the recorded *H NMR signals due to a narrow bandwidth of 20 kHz and a large
difference in the transverse relaxation time of mobile (liquid water and solutions) and immobile
(frozen water, solids) phases [22]. Water (or other liquids) can be frozen in narrower pores (or
voids between nanoparticles) at lower temperatures as described by the Gibbs—Thomson relation
for the freezing point depression for liquids confined in cylindrical pores at radius R [22—25]. This
relation is the base of cryoporometry giving information of the size distributions of pores (voids)
infilled by unfrozen water.

The area under AG(Cuw) curve determines the modulus of the total changes in the Gibbs
free energy AG vs. the amount of unfrozen water (Cuw) that are caused by interactions of water
with silica and NaCl crystallite surfaces [22]

max
CLIW

Vs = -A I AG(Cuw)dcuw ) (1)

where C* is the total amount of water unfrozenat T =273 K, and A (> 0) is a constant dependent
on the type of units used in this equation.
Water can be frozen in narrower pores (or voids between nanoparticles) at lower

temperatures as described by the Gibbs—Thomson relation for the freezing point depression for
liquids confined in cylindrical pores at radius R [22-25]
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where Tm(R) is the melting temperature of ice in cylindrical pores of radius R, Tm. the bulk melting
temperature, AHs the bulk enthalpy of fusion, p the density of the solid, oz the energy of
solid—liquid-air interaction, and kg is the Gibbs—Thomson constant (here ket =50 K nm for water).

Adsorption from solutions. Adsorption of methylene blue (MB) dye (M = 319.85 g/mol,
manufactured by Khimlaborreaktiv LLC) on silica-containing media was studied under static
conditions at T = 23+25°C. For this purpose, aqueous solutions of different concentrations (from
15.63 to 156.32 umol/l) in a volume of 10 ml were added to the weighing of the corresponding
sample (m = 100 mg) and mixed for ~1 hour. The solutions were adjusted to the desired pH using
standard HCI or NaOH titers. The solid phase was separated by centrifugation for 20 min at a
speed of 3000 rpm. The concentration of MB in the solution was determined
spectrophotometrically by measuring its absorption spectra on a spectrometer (Specord M-40, Carl
Zeiss Jena, Germany) at a wavelength of 660 nm (I = 1 cm). The amount of dye adsorption (A)
was determined by the difference between its initial and equilibrium concentration in the solution
before and after contact with the sorbents.

DESIGN OF COMPOSITE SYSTEMS BASED ON HYDROPHILIC
SILICA AND ORGANIC ACIDS: GALLIC, GLYCERYSINIC AND ITS

SALTS

Gallic acid (3,4,5-trihnydroxybenzoic, C7HeOs) is a polyphenol of plant origin. It is found
in red wine, grape leaves, oak bark and many other plants [26, 27]. It has high biological activity
— antioxidant [28-30], anti-inflammatory [31-33], anti-cancer [34-38], and tonic [39-41]. There
is extensive information on the activity of GA in the treatment and restoration of cartilage tissue
[42, 43]. However, since GA is poorly soluble in cold water, its bioavailability is low and special
methods are required to increase it. Promising methods in this direction include changing the phase
state of GA by immobilizing it on the surface of a mineral carrier (highly dispersed silica) in the
form of nanosized clusters and using mediator substances capable of simultaneously forming
complexes with GA and specific to phospholipids, which form the basis of cell membrane
receptors.

Glycyrrhizic acid (20p-Carboxy-11-0x0-30-norolean-12-en-3p-yl-2-O-B-D-glucopyranu-
ronosyl-a-D-glucopyranosideuronic acid) (gross formula C42Hs2016), which is a tribasic saponin
consisting of a triterpenoid aglycone, glycyrrhizic acid (GLA), combined with a disaccharide of
glucuronic acid, can become such a mediator. GLA is contained in licorice roots (Glycyrrhiza
glabra L). It is used as a food sweetener and in licorice preparations, as a drug with antiviral and
anti-inflammatory activity [44]. Recently, GLA has been actively considered as a substance that
increases the biological activity of other drugs [45-47]. This effect may be based on the ability of
GLA to integrate into cell membranes and change their physical and functional properties. One of
the possible mechanisms of the antiviral action of GA is considered to be the prevention of the
fusion of the virus envelope with the plasma membrane of the host cell.

The aim of this work was to create composite systems based on highly dispersed silica with
GA, GLA and GLA salts in which the organic phase is in a clustered state, to study the structure
of the bound water layer in composites and their differences from bound water in silica.

GA (1), GLA (1) and its salts, monoammonium (MonAm) and monopotassium (MonK),
chemical grade (ch), produced in China.
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To prepare the samples, 10 g of silica A-300 with a bulk density of Cq = 50 mg/ml,
containing 50 mg/g of residual water (absorbed from the air) were ground in a porcelain mortar
and compacted to Cq = 200 mg/ml. This material was used as the starting material for the
preparation of composite systems with GA, GLA and its salts. For this, the weighed portions of
acids (or salts) were mixed with A-300 in a proportion of 1/10 and additionally ground for 10 min
until a homogeneous composite system was formed. These samples contained 50 mg/g of water.
To increase the amount of water, 100 mg/g of distilled water was added to the samples and they
were additionally ground for 1-2 min, after which they were kept in a closed ampoule for 1-2
hours.

Fig. 1 shows thermograms of the studied composite systems prepared on the basis of gallic
acid (a), glycyrrhizic acid (b), its monoammonium (c) and monopotassium (d) salts. Several
inflections on the weight loss curves are observed on the thermograms, which manifest themselves
as maxima on the DTG curves. Peaks in the region of T = 50-150°C are related to physically
adsorbed water. This water can be associated with both the surface of silica and the organic phase
of the composite systems. Peaks with maxima in the region of T = 200°C can be attributed to the
destruction of acid crystal hydrates. At a higher temperature, the destruction of organic acids
occurs, which occurs in several stages — resinification and carbonization. Accordingly, additional
peaks appear on the DTG curves.

Electron micrographs of the initial GC, GLC powders and composite systems prepared by
mechanical treatment of acid mixtures (or salts) with A-300 nanosilica powder are shown in Fig. 2.
The initial acids have a pronounced microcrystalline structure, with crystals of 5-30 um in size.
After mechanical treatment, a composite structure is formed in which only silica aggregates are
visually observed. It can be concluded that for all samples, mechanical treatment results in
crushing of acid crystals (or salts) and uniform distribution of the organic phase in the interparticle
gaps of silica.

The phase state of acids (salts) immobilized on the surface of nanosilica can be determined
using X-ray phase analysis data (Fig. 3a). All samples, except for A-300/GA, were completely
X-ray amorphous. Inthe case of GA, against the background of an intense signal of the amorphous
phase (which applies to both silica and GA), weakly intense peaks of GA nanocrystals are observed.
The width of the signal (Fig. 3b) can be used to estimate the size of the crystallites, which,
according to the Debye-Scherrer formula, are about 40 nm.

The state of water adsorbed on the surface at the same (h = 100 mg/g) hydration of the
samples can be determined using IR spectroscopy data (Fig. 4). Water is observed as several
merged signals v1=2750-3800 cm™. In all composite systems, there is also a low-intensity signal
of silanol groups that do not participate in the formation of hydrogen bonds at v*=3750 cm™.The
'H NMR spectra of water in the studied samples of hydrated silica A-300 and composite systems
created on its basis, taken at different temperatures, are shown in Fig. 5. The measurements were
carried out in air and in a weakly polar organic solvent — chloroform. In order to prevent the
appearance of an intense signal of liquid-phase chloroform protons in the spectra, its deuterated
form (CDCls) was used, in which the content of non-deuterated chloroform was less than 0.5%.
The signal of residual amounts of CHClIs is observed in some samples containing chloroform as a
weakly intense signal with a chemical shift of 65 = 7.2-7.5 ppm (Fig. 5).
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Fig. 1. Thermograms of composite systems prepared on the basis of nanosilica, gallic acid (a),
glycyrrhizic acid (b), its monoammonium (c) and monopotassium (d) salts

(0)
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Fig. 2. Electron micrographs of the initial powders of GA, GLA and composite systems prepared
by mechanical treatment of mixtures of acids (or salts) with A-300 nanosilica powder: GA (a);
GLA (b); composite system GA/SiO: (c); composite system GLA/SiO; (d); composite system

MonKGLA/SiO; (e); composite system MonAmGLA/SIO; (f)
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Fig. 4. IR spectra (reflection) of composite systems prepared on the basis of GA,
GLA and its salts at h = 100 mg/g

The main signal of water (Fig. 5) is observed in the spectra in the temperature range of
215-287 K at o = 4-6 ppm. The chemical shift of water corresponds to strongly associated water
(SAW), each molecule of which takes part in the formation of 2.5-3 hydrogen bonds with
neighboring molecules [22]. In addition to it, in a chloroform medium (and in some samples in
air), the spectra contain a relatively weak signal of weakly associated water (WAW, oy =
1-1.5 ppm), corresponding to water molecules either not participating in the formation of
hydrogen bonds or included in clusters in which there are few such bonds (on average, less than
one hydrogen bond per water molecule). The fact that the SAW and WAW signals are observed
separately indicates that these clusters exchange water molecules (or protons) slowly (on the NMR
time scale) [48]. They are probably spaced apart or separated from each other by a layer of

chloroform.
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Fig. 5. 'H NMR spectra of water in hydrated silica A-300 (a, b) taken at different temperatures;
composite systems created on the basis of pyrogenic silica A-300 and galic acid (c, d); A-300
and GA (d, f); A-300 and monoammonium salt of GLA (g, h, i, j); A-300 and monopotassium

salt of GLA (k, I, m, n) in air and in a medium of a weakly polar organic substance —

deuterochloroform
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A significant decrease in the freezing temperature of interfacial water is due to adsorption
interactions, which in nanostructured systems are caused by the effects of water clustering and
changes in the structure of the hydrogen bond network [22, 49]. With decreasing temperature, the
intensity of the water signal decreases as smaller and smaller water clusters freezes. It should be
noted that Fig. 5 records the reverse process - an increase in temperature from the minimum value
(T=215K) upto T =287 K, i.e. the process of melting of water clusters from the smallest (at low
temperature) to large (at high temperature) is observed. The large width of the SAW signal can be
associated with the presence of several types of water clusters with slightly different chemical shift
values, which overlap. With decreasing temperature, the chemical shift of the SAW signal
increases due to the increase in the ordering of the hydrogen bond network in the SAW clusters.

If we assume that at T = 287 K all the water is in a liquid state and is equal to the total
hydration of the sample (h =50 or 150 mg/g), then the amount of non-freezing water (Cuw = h-1/1287)
can be easily calculated from the intensity of the water signal at an arbitrary temperature (1). For
the studied systems, the corresponding dependencies are shown in Fig. 6a, b. Since there is a
directly proportional dependence [50] between the free energy of ice and temperature in a wide
temperature range (T < 273 K), and under equilibrium conditions the free energy of ice is equal to
the free energy of non-freezing water, the dependences Cuw(T) can be transformed into
dependences of the change in the Gibbs free energy on the concentration of non-freezing water
(Fig. 6¢, d). From the data in Fig. 6 it follows that during the heating of the samples, not all
interfacial water passes from the solid to the liquid state. Some of it remains solid up to T =287 K.
That is, the surface of composite systems is capable of stabilizing the metastable state of ice (Mslce)
in nanosized pores in a wide temperature range. The amount of such metastable ice is quite large
and can reach 10-15% of the total water content in the samples.
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Fig. 6. Temperature dependences of the concentration of non-freezing water (a, b) and the
dependences of the change in Gibbs free energy on the concentration of non-freezing water
constructed on their basis (c, d)
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The part of water that freezes at T > 265 K (AG < 0.5 kJ/mol) is weakly bound (WBW),
and the rest is strongly bound (SBW) [22]. The amounts of strongly bound (Cu.®), weakly bound
(Cuw™") water and metastable ice (Cms'®®) for all the studied systems are given in Table 1. In addition,
Table 1 presents the values of the maximum decrease in the Gibbs free energy in the layer of
strongly bound water (AG®) and the interfacial energy (ss), which is determined in accordance with
formula (1) and is equal to the total decrease in the free energy of interfacial water caused by
adsorption interactions. For clarity, the ys values of the studied systems are presented in the form
of diagrams in Fig. 7.

I coc,
12- 1

1s (J/0)
(o]

A-300 A-300 A-300 A-300 A-300 A-300 A-300
GA GLA MonAm MonAm MonK  MonK

Fig. 7. Diagrams of the change in interfacial energy depending on the composition of the
composite, the environment and the amount of adsorbed water

Table 1. Thermodynamic characteristics of interfacial water in hydrated silica A-300 and
composite systems based on it in air and CDCl3

Ice

System h Cuw® Cun" Cms'® AGS e +)5
(mg/g) (mg/g) (mg/g) (mg/g) | (kJ/mol) (J/9) (J/9)
A-300, Air 150 125 15 10 -2.5 7.8 0.15

A-300, CDCl; 150 140 10 0 -2.8 9.8 -
A-300/GA, Air 150 110 15 25 -3.0 7.1 2.10

A-300/GA, CDCl3 150 145 5 0 -2.5 8.2 -
A-300/GLA, Air 150 75 20 55 -2.8 7.2 1.10
A-300/GLA, CDCl; 150 95 15 40 -2.6 7.9 0.68
A-300/MamGLA, Air 50 28 5 17 -35 3.2 0.29
A-300/MamGLA, CDCl; 50 30 11 9 -3.0 3.3 0.14
A-300/MamGLA, Air 150 100 15 35 -3.0 9.2 0.49
A-300/MamGLA, CDCl; 150 105 15 30 -2.8 8.1 0.44
A-300/MKGLA, Air 50 22.5 10 17.5 -3.0 2.7 0.27
A-300/MonKGLA, CDCl3 50 22.5 75 10 -2.8 2.2 0.21
A-300/MonKGLA, Air 150 100 30 20 -2.5 6.4 0.23
A-300/MonKGLA, CDCl3 150 75 35 40 2.1 4.6 0.60

Among the general regularities in the dependence of the interfacial energy on the solid
component and the observation environment, it should be noted that in an air environment,
immobilization of GA or GLA on the silica surface has little effect on the js value, although the
amount of strongly bound water decreases noticeably. Probably, the effect of decreasing Cuw® is
compensated by some increase in the amount of WBW and Mslce (Table 1). Unlike many systems
described earlier [22], a weakly polar organic environment leads to an increase in the interfacial
energy (Fig. 7). This tendency is not observed for GLA salts immobilized on the surface of A-300
silica. For the monopotassium salt of GLA, a significant decrease in the » value is recorded
compared to the original silica both in an air environment and in a CDClI3 environment.

422



The formation patterns of metastable ice should be particularly discussed. In the initial
silica, superheated ice is practically not formed (Fig. 6a, c, Table 1). Immobilization of organic
acids, regardless of their chemical nature, promotes the stabilization of metastable ice. The
chloroform environment in all systems reduces its amount.

The described regularities can be largely determined by the influence of the heterogeneous
system surface on the structure of adsorbed water clusters, calculated in accordance with Eq. (2)
(Fig. 8). In the initial silica (h = 150 mg/g), two maxima are observed in the distributions at
R =1.5and 2.5 nm. In a chloroform medium, the average radius of water clusters increases slightly
due to the fact that the maximum at R = 2.5 disappears, and one maximum is formed instead at R
= 2 nm. Immobilization of GA or GLA on the silica surface leads to the formation of a large
number of small water clusters on the surface, but at the same time the shape of the distribution
curves changes, and some of the interfacial water is in the form of metastable ice. A chloroform
medium stabilizes the formation of relatively large water clusters, but this does not lead to a
decrease in the interfacial energy. In composite systems based on GLA salts, the type of
distributions becomes more complicated. A significant number of both small and large clusters of
adsorbed water are present.
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Fig. 8. Distributions of adsorbed water cluster radii in the original silicas and
composite systems created on its basis
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Rheological measurements are usually used for viscous continuous media consisting of
concentrated solutions of low-molecular substances, polymer solutions, suspensions of solid
particles in aqueous or organic liquids, and emulsions formed by liquids that are insoluble in each
other [51-54]. In this case, the viscoelastic properties are primarily influenced by the interphase
interactions of the substances that make up the heterogeneous system. Based on the dependences
of viscosity on shear load, the ratio of the concentrations of the solid and liquid phases, temperature,
and other parameters, it is possible to draw reasonable conclusions regarding the phase state of the
system. The general principles used in the mechanics of liquid fluids can also be transferred to
studies of the properties of hydrated powders or solid suspensions. In this case, the rheometer
should be classified as a destructive method, which can lead to a partial or complete irreversible
change in the sample during the measurement process.

For hydrated powders of the original silica and silica with GA, GLA and its salts
immobilized on its surface, measurements were made of the complex viscosity as a function of the
magnitude of shear deformation (Fig. 9a, b) and the viscosity as a function of the shear rate
(Fig. 9c, d).
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Fig. 9. Dependences of complex viscosity on the magnitude of shear deformation (a, b) and
viscosity on the shear rate (c, d) for hydrated powder of compacted silica A-300 and silica with
GA, GLA and its salts immobilized on its surface

For different types of dispersed systems, the type of dependences 7(y) differs greatly. This
is due to the complex nature of the dependence of the complex viscosity on the composition of the
colloidal system and the molecular interactions occurring in it during the mechanical action of the
rheometer rotor on the hydrated silica powder with substances immobilized on its surface. Unlike
aqueous suspensions, in hydrated powders in the interparticle gaps there can be not only organic
substances and water adsorbed to the surface, but also air, the volume of which can be comparable
to the volume of water. Under the influence of the mechanical load created by the rheometer, there
can be a reorganization of silica aggregates, the movement of organic substances along its surface
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and partial removal of air from the interparticle gaps (which is accompanied by an increase in the
bulk density of the material). Accordingly, significant changes in the dynamic viscosity of the
samples under study will occur.

The initial silica after its preliminary compaction has a bulk density of Cq = 200 mg/cm?.
After it absorbs 1 g/g of water, the bulk density increases approximately twofold. However, a
significant part of the interparticle gaps continues to be filled with air. At the initial section of the
n(y) curve for the initial silica (Fig. 9a), some decrease in the complex viscosity with increasing
shear strain is observed. Then, at y = 7%, a sharp jump in the  value occurs, indicating a
fundamental change in the state of the sample. The probable cause is the partial (or complete)
removal of air from the interparticle gaps of the silica, which is accompanied by the formation of
a continuous (or almost continuous) water film in them, which ensures easy displacement of the
silica particles relative to each other under load. In fact, a phase transition of the solid-water-air
system into the solid-water system takes place. This system remains stable even in the case of a
decrease in the dynamic load.

The dependence 7(y) for silica with glycerol acid immobilized on its surface has a similar
appearance (Fig. 9a). In the case of gallic acid, the process of air removal from the interparticle
gaps and the formation of a continuous water film in them does not have a stepwise nature, but is
extended over a wide range of shear load changes. As expected, an increase in the amount of
adsorbed water reduces the amount of air in the interparticle gaps and the dependences 7(y) become
smoother (Fig. 9a). It should be noted that an increase in the amount of water in the sample can
lead to both a decrease in the dynamic viscosity in the case of GA (relative to the initial one) and
to its significant increase in the case of GLA (Fig. 9a). A probable cause of the increase may be
the formation of a viscous GLA hydrate in the interparticle gaps of silica, which sharply increases
the magnitude of interparticle interactions.

For the GLA salts immobilized on the silica surface, the presence of a large amount of air
in the interparticle gaps, which is removed during the growth of the mechanical load, is observed
for the A-300/MonAmMGLA sample containing 1 g/g of adsorbed water (Fig. 9b), and for A-
300/MonKGLA the process of air removal is extended over a wide range of shear load. For the
samples containing 2 g/g of adsorbed water, a strong increase in viscosity is observed, caused by
the “gluing” of silica particles by hydrated acid salts.

For comparison, Fig. 9c, d shows the viscosity measurements from the shear rate for all the
studied systems. In contrast to the data on the complex viscosity measurements, these
measurements turned out to be significantly less informative, since they do not explicitly contain
information regarding the ratio of the shares of mechanical energy spent on plastic deformation
and the reorganization of the internal structure of the particles of the sample.

So, when immobilized by the method of joint grinding in a porcelain mortar on the surface
of pyrogenic silica A-300 organic acids, which differ greatly in chemical nature (GA, GLA and its
salts), they pass into a nanosized X-ray amorphous state.

Water adsorbed on the surface of such composite systems is also in a clustered state, and
the radius of the adsorbed water clusters is in the range of 0.4—50 nm. The chloroform environment
has a complex effect on the size of the water clusters. In general, there is a tendency for the radius
of water clusters to increase when air is replaced by a chloroform environment. However, this does
not always lead to a decrease in the interfacial energy.

The possibility of the existence of metastable ice in the temperature range up to 287 K,
stabilized by the surface of composite systems, was discovered. The amount of such ice can reach
20% of the total water content in the sample.

The possibility of using the measurement of the complex viscosity of hydrated silica
powders and silica containing immobilized GA, GLA or its salts to study the processes of
interparticle and interphase interactions in complex systems containing solid, liquid and gaseous
phases, as well as their change under the influence of periodic mechanical loading is shown.
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STABILIZATION OF WEAKLY ASSOCIATED WATER FORMS BY
THE SURFACE OF COMPACTED METHYLSILICA AND ITS

COMPOSITES WITH BETULIN

Betulin is a white powder with a bitter taste, soluble in alcohol, ether, chloroform and
benzene, slightly soluble in cold water, petroleum ether and other organic solvents. It exhibits
various types of biological activity and is used in the synthesis of compounds of interest as
pharmaceuticals, in particular for the production of betulinic acid. The main source of betulin is
birch bark, from which it was isolated almost a century ago [55-64]. It is obtained by boiling birch
bark in water, followed by extraction with organic solvents, in particular alcohols. Most of the
betulin is found in the outer part of the bark, which provides the birch's white color. The content
of belulin in the outer part of the birch bark ranges from 10 to 35%. In addition to birch, betulin is
also found in other plants. In particular, alder bark, thistle heart, some types of orchids, etc.

Betulin is an effective means of complex treatment of cancer patients. It stimulates the
ability of white blood cells to produce interferons, thus strengthening the immune defense, which
helps prevent metastasis [65—74]. Tumor cells can grow in conditions of oxygen deficiency, they
transform energy metabolism in such a way that, compared to normal cells, they consume 20 times
more nutrients. There are many more lipid channels in the membrane of tumor cells through which
nutrients enter; these channels are essentially “holes”. Since the betulin molecule is a triterpenoid
alcohol, it binds to lipids in the tumor cell membrane, which makes cell membranes denser,
partially blocking the supply of nutrients to tumor cells. Betulin does not have this kind of effect
on healthy cells, since the membrane of a healthy cell is more stable.

The low bioavailability of betulin is largely due to poor solubility in aqueous media. The
weak hydrophilic properties of betulin make it difficult for it to penetrate into liquid water
structured by a network of hydrogen bonds [75-80]. As well-known water's form with broken
hydrogen bonds is water in the supercritical state, that is located at a temperature above 374 K and
a pressure greater than 221 atm. The physico-chemical properties of such water are completely
different from liquid water. Its dielectric constant decreases by almost an order of magnitude, it is
able to easily dissolve non-polar substances, while maintaining the ability to dissolve inorganic
salts. Under normal conditions, non-associated (not involved in the formation of hydrogen bonds)
water is encountered when studying water dissolved in weakly polar organic substances or located
in a gaseous state, but its concentration or density is not high [81, 82].

Water at the interfacial boundary of some types of adsorbents, among which chemically
and structurally modified silicas are of particular interest, can serve as an analogue of rather dense
aggregates of weakly associated water (WAW). Precisely in them, in a hydrophobic medium, the
presence of a significant amount of weakly associated forms of water was recorded [83-87]. Like
supercritical water, WAW is miscible with weakly polar substances and, therefore, can provide
transport substances that are poorly soluble in water, such as betulin, from the surface to the
absorption site of the gastrointestinal mucosa.

The aim of the work was to create a composite system in which betulin is immobilized on
the surface, stabilizing a significant amount of water in a weakly associated state, and its removal
to the external environment is limited by the formation of a mixture of WAW and a weakly polar
organic substance added to the composite, as well as a certain amount of air in the interparticle
gaps.

The TEM micrograph of the used methylsilica AM1 is shown in Fig. 10. AM1 is based on
primary particles with a radius of 5-20 nm. They form aggregates up to 100 nm in size, which, in
turn, are part of agglomerates (1-20 um). There are cavities in the gaps between methylsilica
aggregates, which provide the porous structure of the material.
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Fig. 10. TEM micrograph of methylsilica AM1 (TECNAI G2 F30, FEI-Philips)

In the IR spectra of methylsilica hydrated by compacted (Fig. 11), containing 20 mg/g of
water in the range of 34003900 cm, there are bands corresponding to monomeric molecules and
small (2-3 molecules) associates of water [88]. The fragmentation of the bands in the absorption
region of water hydroxyl groups can be associated with the presence of clusters of unassociated
water of different sizes. However, the spectra do not contain bands characteristic of water
structured by a network of hydrogen bonds or they are weakly intense.
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Fig. 11. IR spectrum of "wetting-drying" methylsilica AM1 after 20 min treatment containing
20 mg/g of residual water (reflection spectrum obtained on a Shimadzu spectrometer, Japan)

Betulin produced by Aldrich with a purity of 99.9% was used. Powders of methylsilica
AML and betulin were mixed in a ratio of 4/1 to prepare the composite system. The mixture was
thoroughly ground in a porcelain mortar until a compacted material with bulk density
Cq = 150-200 mg/cm?® was formed, which corresponded to compaction of the initial methylsilica
in 3-4 times. Hydrated powders were obtained in two ways. In the first method, 100 mg/g water
was added to the composite, shaken for 2-3 minutes in a glass vessel and left to equilibrate for
2-3 hours. In the second method, mechanochemical activation was carried out in a porcelain
mortar with the required amount of water for 5-10 minutes. Wherein, the composite system was
additionally compacted to Cq4 = 250 mg/cm?; however, in this case, some part of the water could
evaporate from the composite system. The hydration of individually taken methylsilica was also
carried out in a similar way [89-91]. In the following, mechanically activated samples of
composites are designated as “MA” in the figures.
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Conclusions about the structure of water as a system of molecules involved in the formation
of a network of hydrogen bonds can draw by determining the chemical shifts of adsorbed water.
Herewith into account the fact that the maximum number of hydrogen bonds in which each water
molecule can participate equals four. This case is realized for hexagonal ice, in which protons have
a chemical shift oz = 7 ppm [91]. Non-associated water in the gas phase has a chemical shift
or =0-1 ppm [92]. That is, the average number of hydrogen bonds that each water molecule
formscan estimate by the value of the chemical shif [22, 92]. Liquid water is characterized by the
value of the chemical shift of protons dz = 5 ppm, which indicates the formation of 2—-3 hydrogen
bonds by each molecule. Usually, as the temperature decreases, the chemical shift of adsorbed or
liquid water increases, which is due to an increase in the orderliness of the hydrogen bond network.
We can think that in the case when ox < 2 ppm weakly associated water (WAW), and in the case
of o > 4 ppm is strongly associated water (SAW) [22, 92]. In this case, however, it should be
taken into account that the addition of acidic products prone to dissociation of protons (for example,
strong acids or hydrogen peroxide) to the system, the chemical shift of water protons is determined
not only by the association of its molecules, but also by hydrated protons, the chemical shift of
which can be dx = 9-12 ppm [22].

Recorded at different temperatures *H NMR spectra of water, adsorbed on betulin powder
are shown in Fig. 12a. One signal is observed in the spectra with a chemical shift 65 = 5 ppm, the
intensity of which decreases with decreasing temperature in accordance with the freezing of
adsorbed water. On the basis of measuring the intensity of the signal of non-freezing water, its
concentrations (Cuw) Were calculated at different temperatures (Fig. 12b), and using formulas 1-3,
the dependences of the change in the Gibbs free energy on the concentration of non-freezing water
and the distribution of adsorbed water clusters over the radii (Fig. 12c, d, respectively).
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Fig. 12. Recorded at different temperatures *H NMR spectra of water (a), temperature
dependence of the concentration of non-freezing water (b), dependence of the change in the
Gibbs free energy on the concentration of non-freezing water (c) and size distribution of
adsorbed water clusters for hydrated betulin powder at h = 100 mg/g
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Fig. 13. Recorded at different temperatures *H NMR spectra of water, adsorbed by AM1
metylsilica in air (a) and in CDCls medium (b), the temperature dependences of the
concentration of different forms of non-freezing water (c), dependences of the change in the
Gibbs free energy on the concentration of non-freezing water (d) and radial distribution of
adsorbed water clusters at h =20 mg/g (e)

Thermodynamic properties of interfacial water are shown in Table 2. In this case, the
amount of strongly and weakly bound water (Cuw® u Cuw", respectively) was determined, which
were calculated on the basis of the dependences AG(Cuw), assuming that water in which
AG < -0.5 kJ/mol refers to strongly bound; the value of the water-surface interfacial energy, which
determines the total decrease in the free energy of water, due to the presence of a phase boundary,
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and the maximum decrease in the Gibbs free energy in a layer of strongly bound water — AGS,
which characterizing the maximum influence of the surface on the water that is on the border with
it. Since, depending on the type, clusters differ in the amount of the substance included in their
composition, to compare their energy contribution to the interfacial energy, one can use the
specific value ys* = ys/(Cuw”’ + Cuv®). In fact, the specific interfacial energy characterizes the
decrease in the free energy of water in clusters of a certain type, assigned per unit mass of this
water. For each group of signals related to one system in Table 2 also shows the total values of
interfacial energy Xvs, related to all water, regardless of its type.

Since the signal of water adsorbed by betulin has a chemical shift 6z =5 ppm, all adsorbed
water can be considered strongly associated, the structure of which is close to that of liquid water.
It exists predominantly in the form of clusters with R = 20-50 nm. The content of water clusters
with R = 2-5 nm does not exceed 5% (Fig. 12d). Since the free energy of water in large clusters
differs weakly from the free energy of bulk water, the main part of water is weakly bound (Fig. 12c,
Table 2) and the interfacial energy of the water—surface system is only 0.93 J/g. Accordingly,
betulin is a weakly hydrophilic agent, which is probably the reason for its poor solubility in water.

The 'H NMR spectra recorded at different temperatures of water, adsorbed in AM1
interparticle gaps in air and in CDCIlz medium, the temperature dependences of the concentration
of different forms of non-freezing water, and size distribution of adsorbed water clusters when 100
mg/g of water is used for “wetting-drying” compacted are shown on Fig. 13. In the process of
mechanochemical activation, 80 mg/g H>O evaporated, i.e. h = 20 mg/g.

Table 2. Characteristics of interfacial water in hydrated betulin, methylsilica AM1 and composites
4/1 AM1/Betulin

. . CuwS w AGS }’S/}’S*
Sample/h (mg/g) Medium Signal (mg/g) Cu" (mg/g) (kd/mol) (kd/g)
Betulin/100 air 3 17 83 -0.8 0.93/9.3
3 4.4 3.6 -3 0.4/50
air 0.62/56
AMI 1+2 7.2 3.8 -2.5 76 1.02
Activated with 3 10.2 3.6 -6 1.8/130
water/20 CDCls 1 1.2 1.2 -15 00.101?:/2,4(315
4 1.6 1.6 -1.5 5520
AM1/Betulin/100 air 1-3 9 91 -2.2 1.18/11.8
air 1 27 68 -2.2 2.39/25.2
AM1/Betulin Activated 3 27 8 -5 4.05/115
with water/100 CDCl; 1.56/24.4
1 15 49 -2.2 S 5.61

Several signals are present in the spectra which related to different forms of adsorbed water.
In an air medium (in addition to water, the interparticle gaps contain air, Fig. 5a) at low
temperatures, water signals with chemical shifts 6 = 0 and 8 ppm are observed are signals 3 and
2, respectively. As the temperature rises, signal 2 transforms into signal 1 with a chemical shift
on = 5-6 ppm. Signal 3 refers to water that does not form hydrogen bonds (weakly associated
water), signals 1 is to strongly associated water. The chemical shift of the water responsible for
signal 2 exceeds the maximum chemical shift value for tetracoordinated water (dz = 7 ppm).
Therefore, a certain part of the water molecules responsible for this signal is probably in the
protonated state (the state with the transferred HzO" proton, WPT). Thus, it can be stated that a
essential part of the water in compacted methylsilica AM1 can be in a weakly associated state and
forms aqueous systems with a broken network of hydrogen bonds. Weakly associated water should
be considered as an analogue of supercritical water, which exists at low temperatures and pressures
only in the form of nanosized clusters.
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Replacing the air medium with a medium of a weakly polar organic solvent,
deuterochloroform (Fig. 13b), stabilizes the weakly associated forms of water to an even greater
extent. About 75 % of the water present in the interparticle gaps can be considered weakly
associated. In addition, signal 4 appears in the spectra with a chemical shift 6y = 2 ppm, which
corresponds to water with a partially broken network of hydrogen bonds. It is likely that a
concentrated mixture of weakly associated water and chloroform, stabilized by a hydrophobic
surface, is formed in the nanosized interparticle gaps AM1.

As the temperature decreases, all types of interfacial water freeze, forming ice (Fig. 13c).
For SAW, this is a natural process — as a result of freezing, a tetragonal structure of hexagonal ice
is formed. However, the formation of ice from WAW and its structure are unknown. It can be
assumed that WAW freezes in the form of amorphous ice, since upon thawing (fluctuation), it
again passes into a weakly associated state with a broken network of hydrogen bonds. Both SAW
and WAW are characterized by the presence of not only strongly but also weakly bound water
(Fig. 13d, Table 2), i.e. water, in which the change in free energy due to adsorption interactions
does not exceed 0.5 kJ/mol. Therefore, the WAW freezing process can be carried out with little
energy consumption. The total interfacial energy (Xs) in the weakly polar medium of chloroform
turned out to be twice as high as in the air medium (Table 2). That is, chloroform stabilizes the
nanosized state of water clusters in the gaps between hydrophobic AM1 particles.
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Fig. 14. Spectra of water taken at different temperatures, adsorbed by the AM1/Betulin
composite system, containing 100 mg/g of adsorbed water, prepared by equilibrating the system

by shaking (a) or mechanochemical activation with water (b, ¢) in air (a, b) and
with the addition of CDCl3

It should be noted that, in contrast to the supercritical state of water, surface stabilized
weakly associated water exists only in the form of nanosized clusters (Fig. 13e), the radius of
which is in the range of 0.5-50 nm. Several maxima are observed in the size distributions of SAW

431



and WAW clusters; however, weakly associated water is characterized by the presence of a larger
number of small clusters. This is also evidenced by the lower values of AG® (signal 3, Table 2),
which characterizes the maximum decrease in the free energy of water in the adsorption layer.

The spectra of water taken at different temperatures, adsorbed by the AM1/Betulin
composite system with a concentration ratio of 4/1, containing 100 mg/g of adsorbed water,
prepared by equilibrating the system by shaking (Sh) (a) or mechanochemical activation with
water (MA) (b, ¢) in air (a, b) and with the addition of CDCls in an amount not exceeding 200
mg/g (c) shows on Fig. 14. When balancing by shaking (Fig. 14a), four signals are observed in the
spectra in the range of chemical displacements ox = 1-6 ppm. The left group, which consists of
three signals, refers to strongly associated, and the right signal, to weakly associated water. As the
temperature decreases, the intensity of all signals decreases rapidly. Dependences of the amount
of non-freezing water on temperature are shown in Fig. 15a.

The mechanochemical activation of composites with water is accompanied by a significant
broadening of the WAW and SAW signals (Fig. 15b), which may be associated with a decrease in
the mobility of adsorbed water molecules [93-95]. The addition of chloroform to composite
systems leads to the stabilization of weakly associated forms of water (Fig. 14c), the amount of
which becomes commensurate with the amount of strongly associated water. In the air
environment (Fig. 15c), on the dependence on Cuw(T), there are sections where the amount of
WAW decreases with increasing temperature. It is likely that, with increasing temperature, part of
the weakly associated water transforms into strongly associated water (perhaps, with the moving
of water from narrow nanopores to larger pores in which SAW clusters are formed).
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Fig. 15. Dependences of the concentration of non-freezing water on temperature (a), the change
in the Gibbs free energy on the concentration of non-freezing water (b) and the distribution of
adsorbed water clusters over the radii in AM1/Betulin hydrated composite systems balanced by
shaking or mechanochemical activation in air and with the addition of CDCls

432



When using the data in Fig. 15a, according to formulas (1-3) for the AMZ1/Betulin
composite systems, the dependences of the change in the Gibbs free energy on the concentration
of non-freezing water (Fig. 15b) and the distribution of adsorbed water clusters over the radii were
calculated (Fig. 15c). The thermodynamic parameters of the layers of adsorbed water are presented
in Table 2. In the case of balancing by shaking the AM1/Betulin composite at h = 100 mg/g, the
interfacial energy ys = 1.18 J/g is close to the interfacial energy of water adsorbed by pure betulin
(Table 2). Mechanical activation increases the interaction energy of the surface with water due to
a significant increase in the amount of strongly bound water. The addition of chloroform leads to
an even greater increase (up to 5.61 J/g) in the ys value. For the non-activated composite, both
strongly and weakly associated water is predominantly in the form of clusters with R = 8-25 nm
(Fig. 15c). After mechanoactivation, small water clusters are formed from R = 0.4-5 nm, the
number of which increases with increasing hydration. Additives of chloroform also increase the
number of small water clusters (Fig. 15c). In this case, the values of interfacial energy and the
amount of strongly bound water increase.

Weakly associated water in the AM1/Betulin composite systems is characterized by
significantly lower values of AG® than strongly associated water (up to -6 kJ/mol), which
characterizes the maximum decrease in the free energy of strongly bound water, i.e. the lowest
temperatures. Such water corresponds to clusters of minimum radius measured in tenths of
nanometers. Similar results are also observed for hydrated methyl silica (Table 1). It follows from
the radius distributions of adsorbed water clusters (Fig. 15c) that there are present small clusters
of weakly associated water on the surface. The amount of adsorbed water in different types of the
studied systems differs significantly, therefore, the value of the specific interfacial energy (%*)
should also be analyzed. As follows from the data in Table 2, compared to water adsorbed by
betulin, for hydrated methylsilica, the value of y»* is several times higher. This applies to both
strongly and weakly associated water. The chloroform medium almost doubles the interfacial
energy. An increase in the amount of adsorbed water leads to some decrease in the value of y*.
These trends are also preserved for the composite system containing AM1 and Betulin. In this case,
the maximum values of the specific interfacial energy (130 J/g) are observed for strongly
associated water in the CDCls medium.

Since water molecules in such clusters do not form hydrogen bonds, and their size can be
quite large, the question arises about their structure. It is likely that such water polyassociates are
formed in a limited space between hydrophobic methylsilica particles, when the formation of
hydrogen bonds is hindered by spatial effects, and the shape of the interparticle gaps is close to
slit-like. The stabilization of such unusual surface water clusters can be facilitated by the presence
in them of a significant number of centers with opposite signs of charge, which induce charges of
opposite signs in a hydrophobic medium by the mechanisms of dispersion interaction.

It is shown that silica chemically modified by grafting dimethylsilyl groups can be
subjected to structural modification by mechanical activation with water, resulting in the formation
of a compact material with a bulk density of 200-250 mg/cm?, in which part of the interfacial
water passes into a weakly associated state. The addition of chloroform entails the formation of a
common water-chloroform system, in which almost all water becomes weakly associated.

A method has been developed for the formation of a hydrated silica/betulin composite
system, which makes it possible for a significant amount of weakly associated forms of water to
exist in the surface layer, some of whose properties are close to those of supercritical water. The
contact of composite particles with a liquid hydrophobic medium, simulating hydrophobic areas
of the gastrointestinal mucosa, further increases the amount of weakly associated water. These
data are confirmed by FTIR spectra, in which unassociated and strongly associated clusters of
adsorbed water are observed simultaneously.

The binding energy of water and the size of adsorbed water clusters depend on the mode
of hydration. In the case of soft hydration by shaking with water, large clusters of strongly
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associated water are formed on the surface, localized on the molecules of adsorption-fixed betulin.
During hard hydration (grinding with water in a porcelain mortar), water penetrates into the gaps
between hydrophobic particles of methylsilica or methylsilica with immobilized betulin and forms
clusters of weakly associated water, the radius of which can be 0.4-8 nm. This type of interfacial
water exists in a wide temperature range, its amount increases with increasing temperature.

NANOCOMPOSITE SYSTEMS PECTIN/SILICA AND THEIR PROPERTIES

Silica adsorbents are widely used as medical means to cleanse the body of toxic substances,
which are metabolic products or those that entered the body as a result of food poisoning [96—98].
Fumed silica belongs to hydrophilic substances and has a high affinity for protein molecules, and
also limitedly sorbs organic molecules with an average molecular weight. However, in modern
pharmacology there is a demand for the creation of adsorbents in which the surface is formed by
natural biopolymeric compounds, such as polysaccharides.

Pectins are a promising natural adsorbent. The largest amount of pectin substances is found
in plant tissues: juicy fruits and root crops. The raw materials for the industrial production of pectin
are mostly apple and citrus pomace, sugar beet pulp, fodder watermelon, sunflower baskets,
pumpkin, i.e. food production waste [99]. Pectin biopolymers have unique biological and
functional characteristics. They are widely used in the food, medical and cosmetology industries
[100].

A significant disadvantage of poorly water-soluble biopolymers is their low specific
surface area. Therefore, the therapeutic dose of pectins used as adsorbents is several tens of grams.
Pectins are polysaccharides of higher plants, responsible for many of their physiological functions
[101]. According to their chemical structure, they are compounds of a heterocyclic nature. D-
galactopyranosyluronic (D-galacturonic) acid, connected by a-1,4-glycosidic bonds into a
filamentous molecule of polygalacturonic acid, is considered the main part of the molecule of
pectin substances [102].
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The technology for obtaining pectin is based on the classical method of its production: the
pulp separated from the stone is homogenized and hydrolyzed at a pH of 2.0-2.5 and a temperature
of 75-80°C for 1.5-2 hours. The mixture is filtered, the hydrolyzate is precipitated with alcohol
or acetone. The coagulate is separated in a centrifuge (6000 rpm) with subsequent washing,
filtration and drying in a vacuum drying unit. The molecular weight of pectin substances depends,
first of all, on the nature and quality of the raw material source, the method of isolation and the
method of its preparation for production. The average molecular weight of pectins ranges from 10
to 400 kDa, which corresponds to a degree of polymerization from 50 to 2000. Commercial pectin
preparations have an average molecular weight of 30 to 120 kDa depending on the type of
preparation [100, 103].

Pectins can be classified as physiologically active substances, since they affect cellular
metabolism. In particular, there is evidence of the anticancer activity of pectins [104-107]. Thus,
samples of citrus pectins showed a pronounced antitumor effect on adenocarcinoma C127, reducing
the metabolic and proliferative activity of its cells, and also demonstrating a pronounced cytotoxic
effect. The greatest effect was demonstrated by low-esterified low-molecular pectin. In addition,
pectins serve as natural adsorbents capable of removing toxic substances from the body. This
makes them a promising component of nanocomposite systems for medical purposes.

Polymeric substances, such as pectins or other biopolymers in their natural form, are
materials with a small specific surface area. Therefore, to increase it, it is possible to create
composite systems with synthetic adsorbents, in particular with silicas, which have not only a high
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specific surface area, but also a high affinity for polymer molecules [96, 97, 108, 109]. Particularly
noteworthy is the prospect of using organosilicon adsorbents, which, in addition to high adsorption
characteristics, have increased biocompatibility [9, 110-112]. Their disadvantage, however, is
their hydrophobic properties, which complicate the process of their use in aqueous environments.
In recent years, simple methods have been developed for wetting hydrophobic powders under
mechanical load [19, 113]. It should be noted that in the case of using combined materials
consisting of a hydrophobic carrier adsorbently modified by a hydrophilic agent, such as pectin,
the possibility of wetting the composite with water is significantly facilitated.

The purpose of this work was the construction of composite systems based on pectin and
silica (hydrophobic and hydrophilic and their mixtures), the study of their adsorption parameters
in relation to the cationic dye methylene blue, and the effect of pectin on the hydration
characteristics of silica sorbents.

Apple pectin (China), hydrophilic compacted silica brand. The composite system A-
300/Pectin, AM1/Pectin and A-300/AM1/Pectin was prepared by thoroughly grinding compacted
A-300 and/or hydrophobic AM1 with pectin to a homogeneous state [114, 115]. The amount of
pectin in the composite was 5 or 10%. Wetting of systems containing AM1 was carried out by
grinding with water according to the method described in [19, 113].

Hydrated pectin and two types of Pectin/H:O/AM1 composite systems with component
ratios of 1/1.25/5 and 1/2/0.5 were used for NMR studies. Hydrated pectin was prepared by adding
the required amount of water to dry pectin and equilibrated for 24 h. Composites were prepared
by grinding pectin and AM1, followed by adding the required amount of water with which the
composite was ground for another 5-10 min. Deuterated chloroform and trifluoroacetic acid
(TFAA) were used as organic components for NMR studies.

Fumed silicas belong to nonporous adsorbents, however, due to significant interparticle
interactions, primary particles with a diameter of 10 nm form a mesoporous structure in which
the pore volume can reach 1-1.2 cm®/g [108, 111]. TEM micrographs of particles of a mixture of
hydrophilic (A-300) and hydrophobic (AM1) silicas are shown in Fig. 16. In general, the particles
of the agglomerates are 1-20 um, in which the mesoporous structure of the interparticle spaces is
very well observed. Unlike "hard™ porous silicas of the silica gel type, in pyrogenic silicas the
porous structure is unstable, and the surface and total volume of pores can change under the
influence of mechanical loads, which are used as a factor for their structural modification [113,
115]. The “soft” nature of pyrogenic silicas also allows replacing air in the interparticle gaps with
water by using mechanical processing in the presence of an aqueous phase [19, 113].

: -'.'.f

@ | (b)
Fig. 16. TEM microphotographs of the mechanically activated mixture of hydrophobic and
hydrophilic silicas
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For testing most medical sorbents, pharmacopoeial standards recommend marker substances [116].
They include differently charged dyes with different molecular weights. The sorption properties of the
created composite systems were studied for their ability to bind the cationic dye MB, which has a
hydrophobic aromatic fragment and is used to study the adsorption of positively charged substances with a
low molecular weight on surfaces that, like silica A-300, have a negative charge [117].

The adsorption isotherms of MB from a model solution at pH = 5.5 and a solution with pH = 1.5,
which simulates the physiological environment of the stomach are shown in Fig. 17. The contact time (1 h)
of the studied samples with MB corresponded to the time of silica stay in the gastrointestinal tract and
represents the duration of its maximum effective action [118, 119]. At the same time, measurements of MB
adsorption on the surface of individually taken AM1 did not reveal a change in the optical density of the
solution, which can be interpreted as the absence of adsorption.
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Fig. 17. Adsorption isotherms of MB and MC isotherms in Lengmuir coordinates on
the surface of AM1/pectin (1), A-300/pectin (2), A-300/AM1/Pectin (3),
A-300 (4) and A-300/AM1 (5) at pH 1.5 (a, ¢, €) and 5.5 (b, d, f) are shown.
Pectin content in the composite: 5% (a, b) and 10% (c, d, e, f)
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According to the adsorption data, it was determined that the adsorption isotherms of the
dye on the surface of all the studied samples have the form of Langmuir isotherms (Fig. 17). They
have a fairly steep initial section and quickly reach saturation. This form of the isotherm could be
indicated a strong interaction of the dye with the surface [120].

Linearization of the obtained adsorption isotherms made it possible to determine the value
of the limiting adsorption (4.) of MB for the studied samples (Table 3).

It is possible to reveal some regularities in the influence of the composition of the
composite on the amount of cationic dye adsorption. There is a tendency for MB adsorption to
increase with a decrease in pH from 5.5 to 1.5 (Fig. 17, Table 3). This is usually associated with a
change in the surface charge of silica in an acidic environment from negative to positive [121].
However, as follows from the data in the Table 3, for most of the studied systems the difference
in the value of 4., with a change in pH is quite small. That is, electrostatic interactions of dye
molecules with the surface are not decisive. Since the MB molecule has hydrophobic fragments,
and the surface of hydrophobic silica AM1, which is used for the preparation of composites, is
hydrophobic, it could be assumed that hydrophobic (dispersion) interactions can be dominant in
adsorbenet-adsorbate interactions. However, cationic dye adsorption was not observed on the
surface of hydrophobic AM1. Adding pectinto AM1 promotes dye adsorption on such a composite
due to the appearance of new types of adsorption centers. Thus, for AM1/Pectin with a pectin
content of 5%, the lowest MB adsorption is observed, compared to other studied samples. When
increasing the amount of pectin to 10% in the AM1/Pectin composite at an acidic pH value, MB
adsorption increases by 1.6 times, in contrast to pH 5.5. Adsorption of MB on the surface of
A-300/pectin composite with 10% pectin content is 7.4 and 8.11 umol/g at pH 1.5 and 5.5,
respectively. This is 1.4 and 1.3 times more than on the surface of the initial compacted A-300
without the addition of pectin. It was noted that MB on the surface of A-300 and A-300/Pectin
with 5% pectin in the composite exhibits similar adsorption activity. At all pH values, dye
adsorption is greatest on the surface of the A-300/AM1/Pectin composite at a pectin content of
10%. A decrease in the amount of pectin in the composite to 5% is accompanied by a slight
decrease in MB adsorption. From the analysis of the given data, it can be concluded that the
adsorption activity of nanocomposite systems to MB, which contain hydrophobic silica, is largely
determined by the features of the formation of the boundary layer of water that fills the interparticle
space.

Table 3. Parameters of methylene blue adsorption on the investigated adsorbents at different pH

contents A, o, 0, -AG,
Adsorbent pectin, % pH umol/g nm? % kJ/mol R

] 15 5.92 2.9 41.2 2507 | 09836
. 55 6.54 24 49.2 2471 | 09856
A-300/Pectin 0 15 7.4 18 67.8 2394 | 0.9890
55 8.11 23 53.3 2560 | 09871
] 15 2.72 8.8 13.6 21.04 | 09726
AN Pectin 55 4.92 2.8 432 23.75 | 09823
" 15 438 3.8 31.4 2409 | 09771
55 571 2.4 50.3 2332 | 09692
] 15 8.35 21 56.5 2657 | 0.9968
. 55 118 18 65.2 2038 | 0.9996
A-300/AM1/Pectin 0 15 9.53 2.2 54.1 2773 | 0.9988
55 12.65 1.6 73.0 27.8 0.9992
300 15 5.7 31 38.8 2454 | 09775
55 6.12 37 32.0 3157 | 0.9981

AMI - 0
15 6.91 25 485 24.95 | 0.9969
A-300/AM1 5.5 7.09 3.1 39.1 28.03 | 09951
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Mathematical processing the adsorption isotherms of MB made it possible to obtain
equations describing the adsorption process with high linear correlation coefficients (R). The
values of the correlation coefficient when linearizing the adsorption isotherms show that its
sorption is described with maximum probability by the Langmuir equation.

The calculated dye adsorption parameters for each case are presented in Table 3. The values
of the change in Gibbs free energy (AG) for all the studied samples are slightly different. This
allows us to expect that the degree of affinity of the dye to the surface of the adsorbents will also
differ. The degree of surface coverage of MB samples was calculated according to adsorption data,
taking into account the size of the dye molecule. The calculations show that for 1 molecule
adsorbed from an aqueous solution, there are quite large values of the area occupied by the
molecule in the adsorbed state (w- > 1.2 am?). This may indicate the planar orientation of MB
molecules during adsorption. This is confirmed by literature data [121] and the obtained degree of
surface coverage (0) of the adsorbents by the dye, calculated from the adsorption parameters at the
flat position of the MB.

Features of the formation of aqueous layers in hydrated nanocomposite systems containing
AM1 and pectin were investigated by the method of low-temperature *H NMR spectroscopy [25,
84, 86]. The 'H NMR spectra of water in hydrated pectin (Fig. 18a, b) and Pectin/AM1/H,0
composites (c—g) obtained at different temperatures in the presence of air (a, c, e),
deuterochloroform (b, d, f) and 5CDCIl3+1CFsCOOD mixture (g) are shown in Fig. 18. The main
signal of water in the spectra is observed in the form of a broad signal with a chemical shift in the
range of 4-6 ppm. As the temperature decreases, the signal intensity decreases due to partial
freezing of the interfacial water. Chemical shift values shows that almost all water is strongly
associated (SAW) [25, 84, 86], that is, its molecules form a spatial network of hydrogen bonds in
which each water molecule is involved in at least two hydrogen bonds. In the environment of
chloroform, and in some systems also in air (Fig. 18c¢), signals of weakly associated water (WAW),
which does not participate in the formation of hydrogen bonds, appear in the spectra.

One should especially focus on the system containing pectin and a small amount of AM1
(Fig. 18e). A splitting of the water signal into two closely spaced signals with slightly different
values of the chemical shift is observed in this system in the spectra, and its value is somewhat
smaller than for the other studied systems. This could be indicated the presence of clusters with a
partially destroyed network of hydrogen bonds at the interphase boundary.

Since the amount of water in the samples (h) is known, based on the measurement of NMR
signal intensities at different temperatures, can be used to calculate the temperature dependences
of the amount of non-freezing water (Cuw), and according to formulas (1) — (3) to determine the
dependences of the change in Gibbs free energy (AG) from Cuw and distributions by radii of
adsorbed water clusters AC(R) (Fig. 19a—c). According to the method described in [25, 84, 86],
the thermodynamic parameters of interfacial water layers could be calculated (Table 4), in which
Cuw’ and Cyw"V are the concentrations of strongly and weakly bound water, respectively, AG® is the
maximum change in Gibbs energy in layers of strongly bound water, which characterize the
maximum decrease in free energy due to adsorption interactions (or clustering), s is the interfacial
energy, which refers to the overall decrease in free energy due to adsorption interactions (or
clustering) applied to all interfacial water, and js* interfacial energy per unit mass (expressed in
g/g) of interfacial water.

On the dependences AG(Cuw) (Fig. 19b), the horizontal line drawn at the level of
AG = 0.5 kJ/mol determines the amount of strongly and weakly bound water. The data in Table 4
show that for hydrated pectin, the use of an organic weakly polar medium, in contrast to most
heterogeneous systems studied earlier [25, 84, 86], leads to a significant increase in the value of
the interfacial energy » and ys*. Probably, under the influence of the organic environment, the
restructuring of pectin polymer molecules is carried out, aimed at reducing the total amount of free
energy, which is characterized by smaller sizes of water clusters located in the intermolecular (or
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interparticle) space of pectin (Fig. 19c). Composite systems containing hydrophobic silica AM1
are characterized by a decrease in values js* in a weakly polar environment, which is due to an
increase in interphase water clusters (Fig. 19c). In the presence of a strong acid in the dispersion
medium, the value of »* increases (Table 4) due to solvation effects. At the same time, the size of
the surface clusters of water decreases in the process of defrosting the system.
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Fig. 18. 'H NMR spectra of water in hydrated pectin (a, b) and pectin/AM1/H.0 composites (c—f)
measured at different temperatures, in the presence of air (a, c, €), deuterochloroform (b, d, f)
and mixtures 5CDClI3+1CFsCOOQOD (Q)

For the composite system containing a small amount of AM1 additive in the air
environment are observed the maximum value of the interphase energy (Table 4). This is due to a
significant amount of strongly bound water, which is concentrated in small clusters (Fig. 19c).
That is, the amount and energy of water binding in heterogeneous systems based on pectin is
primarily influenced not by the amount of hydrophobic substance forming the composite, but by
the processes of interparticle interactions between disparate components. They probably also
determine the degree of association of molecules in the water layer. These results also agree with
the data obtained during the study of adsorption from the MB solution on the surface of various
composite systems. Direct adsorption measurements did not reveal certain regularity between the
hydrophobic properties of the matrix and the ratio of component concentrations.

The construction of composite systems containing pectins and silica materials can serve as
a promising direction in the creation of nanomaterials with high adsorption characteristics in
relation to molecules of medium and large molecular weight.
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Fig. 19. Temperature dependences of the amount of non-freezing water (Cuw) (),
dependences of the changes in the Gibbs free energy (AG) on Cuw (b) and distributions of
adsorbed water cluster radii AC(R) (c)

Table 4. Characteristics of interfacial water in hydrated pectin and its composites with
hydrophobic silica AM1 in different environments

- h Cu® Cuw" AG® Yshys*
Sample Medium ' ' ! '
P (mg/g) (mg/g) (mg/g) (kJ/mol) (J/9)
. Air 350 775 -3 35.1/31.2
Pectin/H0 CDCls 1125 550 575 2.27 42.4/37.7
: Air 250 420 -2.3 20.7/30.9
e HOIAML CDCls 670 200 470 2.3 18.2127.2
' 5CDCls+1TFAA 550 120 -2.3 35.0/52.2
Pectin/H,O/AM1 Air 1300 430 870 -3 40.4/35.7
1/2/0.5 CDCls 410 890 -2.6 31.3/27.7
In particular, it shows the prospects of creating composites based on a mixture of

hydrophobic and/or hydrophilic silicas (AM1 and/or A-300, respectively) with pectin. It has been
shown that the maximum adsorption of MB occurs from the model solution at pH 5.5 on the
surface of all the studied samples. The A-300/AM1/pectin composite system proved to be the best,
regardless of the amount of pectin in the composite (5 or 10 %) at different pH values, compared

to other adsorbents.

It is possible to control the structure of interfacial water and the energy of interaction
between water and the surface by changing the concentration ratio of pectin and hydrophobic silica.
In this way, new types of functionalized materials can be created for use in medical composites.
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COMPOSITE SYSTEM BASED ON METHYL SILICA AND DISPERSED
AMANITA MUSCARIA MUSHROOMS

In recent years, interest has increased in naturally occurring psychogenic substances, in
particular those found in certain types of mushrooms. Thus, the bioactive components of the
mushrooms Amanita muscaria are psilocybin, muscimol, muscarine and ibotenic acid, which have
a long history of use in both traditional and non-traditional medicine [122-126]. Psilocybin is a
psychoactive alkaloid that is naturally produced by about 200 species of mushrooms. Potential
medical use of Psilocybin is possible for the treatment of mental disorders and as an effective
sedative. Natural psychoactive substances can act as stimulants, hallucinogens or analgesics,
depending on the dosage. Red and panther fly agarics have a long history of use as sedatives, and
the main psychoactive compounds of these species are thought to be analogues of the
neurotransmitter gamma-aminobutyric acid (GABA) and glutamic acids, especially muscimol and
ibotenic acid, respectively [127, 128].

Muscarine Psilocybin Muscimol Ibotenic acid
O

i C,.O\ P | Po) OH
> N =P-0~ N
|
HsCx_ NH: o \ NHa o) \
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0 L HO \ 4
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Fig. 20. Some bioactive compounds extracted from Amanita muscaria

The natural products muscimol and ibotenic acid are isoxazole alkaloids and have some
structural similarities to gamma-aminobutyric acid, and both act on different parts of the GABA
receptor. Muscimol is derived from ibotenic acid by decarboxylation [129]. Muscarine is a
cholinergic agonist and was thought to contribute to the general psychoactivity of Amanita
muscaria.

Currently, schemes are being developed for the use of natural psychogenic substances for
medicinal purposes [130-132]. In this case, primary attention is paid to the dosage and methods
of introduction into the body. Potentially promising products are composite systems created on the
basis of highly dispersed silicas and crushed natural mushroom Amanita muscaria [133]. To ensure
the process of prolonged release of bioactive components in the gastrointestinal tract during oral
administration, methyl silica can be used as a mineral base, which is obtained from the
corresponding hydrophilic silica by chemical grafting of dimethylsilyl groups [134, 135]. The use
of hydrophobic methyl silica in composite systems serves several purposes: preventing moisture
from entering the highly hydrophilic particles of dispersed mushrooms, which prevents the
formation of mold and fungal infections; air microbubbles inside the composite particles and the
hydrophobic surface of silica prevent the rapid penetration of water and aqueous solutions from
biological media, and this significantly increases the desorption time of bioactive components.
Compared to its hydroxylated analogue, methyl silica is more inert and weakly interacts with
cellular structures, while maintaining high adsorption activity.

The goal of this work was to create a composite system in which the AM1/Amanita
hydrophobic composite, on the one hand, maintains a high affinity for water, and on the other,
ensures its clustering in the interparticle gaps of the composite and limited contact with the external
environment.

Amanita muscaria mushrooms collected in the northern region of Ukraine were dried at
50°C in the ventilated room with additional air flow of 40 I/min. After drying to a residual moisture
content of 2-3%, they were crushed in a screw homogenizer. To prepare the composite systems,
the biomaterial powder was mixed in the required proportion with AML1 silica, then the powders
were mixed in a ball mill for 30 min.
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Fig. 21. Electron micrographs of the surface of the original Amanita muscaria biomaterial (a, b),
the AM1/Amanita composite system (c, d) and AM1 methyl silica (e, f)

To obtain Amanita muscaria extract, 10 ml of water was added to 250 mg dried powdered
mushroom material. The extraction was carried out under the ultrasonic at the temperature of 40°C
for 1.5 hours. The obtained extract was filtered through a membrane filter made of
polytetrafluoroethylene with a pore diameter of 0.45 pum and stored in a freezer at a
temperature -20°C.
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The content of ibotenic acid and muscimol in the extract was determined using an Agilent
1260 Infinity Il automatic four-channel liquid chromatograph with a diode array detector and a
chemical station, using a Poroshell 120 EC-C18 3.0x150 mm, 2.7 pm column. A mixture of
aqueous solution (0.006 M HsPO4 and 0.0021 M NaC12,H25SO4) and methanol was used as the
mobile phase. At the beginning of the elution, the fraction of methanol was 20 %, the flow rate
through the column was 0.15 ml/min, gradually the fraction of methanol increased to 100 %, and
the flow rate was up to 0.4 mi/min. The sample volume was 5 ul, the column temperature was
40 °C. Chromatograms were recorded at wavelengths of 206, 210, and 254 nm.

Identification and quantitative analysis were performed using standard solutions of ibotenic
acid (purity 95 %, Sigma-Aldrich) and muscimol (purity 98 %, Sigma-Aldrich). The number of
substances registered in the chromatograms was estimated by comparing the area of the
corresponding signals with the area of the signals in the chromatograms of the standard substances.
To confirm the presence of ibotenic acid and muscimol, 50 pl of standard solutions (0.5 mg/ml)
were also added to the test extract.

Electron micrographs of the surface of the original Amanita muscaria biomaterial (a, b),
the AM1/Amanita composite system (c, d) and AM1 methyl silica (e, f) are shown in Fig. 21.
Crushed mushroom material is a system of irregularly shaped particles, the size of which can vary
from fractions of a micron to several tens of microns. After processing in a ball mill with AM-1
methyl silica, the biomaterial is dispersed (Fig. 21c, d) and becomes indistinguishable from the
original methyl silica sample (Fig. 21e, f). Micrographs clearly show silica agglomerates, which
consist of strongly interacting primary silica particles.

The results of studying the aqueous extract of Amanita muscaria mushrooms using liquid
chromatography are shown in Fig. 22. The peaks of ibotenic acid and muscimol are clearly
identified in the chromatogram. Based on high performance liquid chromatography (HPLC)
analysis, the extract contained <700 pg/g ibotenic acid and 73 pg/g muscimol.

2000
18004

1600

Absorbance (mAU)

~ t(min) "
Fig. 22. HPLC chromatogram of the aqueous extract of Amanita muscaria

Fig. 23 shows the 'H NMR spectra of water in hydrated AM1/Amanita (a—h), AM1 (g) and
Amanita muscaria (h—j) composite systems taken at different temperatures, in air (a—d, g-i) and
with the addition of deuterochloroform (e, f, k). In the air environment, the main signal in the
spectra refers to strongly associated water (SAW), the chemical shift of which (dn) increases with
decreasing temperature from Jz = 5 to o = 7 ppm. On the right side of the curve of the SAW
signal at oz = 1 ppm a low-intensity signal of weakly associated water (WAW) is observed. When
deuterochloroform is added to the hydrated powder (Fig. 23e, f), air being displaced from the
interparticle gaps and the samples become more magnetically homogeneous, which leads to a
narrowing of the NMR signals [25].
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At the presence of a hydrophobic medium, the amount of weakly associated water increases
noticeably and one recorded over the entire temperature range available for measurement. The
spectra of water are presented for hydrated AM1 powder (Fig. 23g) and crushed Amanita muscaria
powder (Fig. 23h—j). AM1 hydration was carried out by mechanical activation, according to the
procedure described in [9, 10, 13]. In Amanita muscaria WAW has been observed in both air and

organic environments. With a small amount of water (Fig. 23i,
dominant.
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Fig. 23. 'H NMR spectra of water taken at different temperatures in hydrated composite systems

AM-1/Amanita (a—h), AM1 (g) and Amanita muscaria (h—j),
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(b, d, e) for composite AM1/Amanita systems and source materials at h = 1 g/g

Table 5. Characteristics of unfrozen water layers in Amanita muscaria mushrooms and in the

AM1/Amanita composite system.

Sample Medium Cuw® (mg/g) | Cuw¥ (mg/g) | 1G5 (kI/mol) | [1s(J/g)
Amanita Air 100 900 -1.7 8.1
AM1 Air 50 950 -1.5 5.8
AM1/Amanita 1/2.7 Air 112 888 -3 13,3

1/1 Air 125 875 -2 20.5
2/1 Air 120 880 -2 20

9/1 Air 112 888 -2 12.2
2/1 CDCl3 240 760 -2 17.5
9/1 CDCl3 100 900 -2 10.9
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From the data in Table follows that the value of interfacial energy is controlled by the
amount of strongly bound water, which depends on the average radius of water clusters and the
intensity of adsorption interactions. Since the value s is integral, it reflects the entire set of
interphase interactions that occur in a complex heterogeneous system.

Air CDCl,
20 A
154
o
2
n 10 - Amanita
AM1
5
0-

1/22 1/1 2/2 9/1 2/1 9/1
AM1/Amanita

Fig. 25. Diagram of changes in interfacial energy depending on the composition of a
heterogeneous system containing crushed Amanita muscaria and metyl silica AM1

The starting ingredients for the preparation of composite systems were a strongly
hydrophilic powder of dried crushed mushrooms Amanita muscaria and hydrophobic powder
AM1. While the mushroom biomaterial easily absorbs water and is balanced with it quickly and
without much mechanical stress, then AM1 powder for humidification requires intensive
mechanical processing, as a result of which the water is converted into a clustered state, and a
significant part of the air is removed from the interparticle gaps of hydrophobic silica. As a result,
at the same hydration, the interfacial energy of water in the interparticle gaps of AM1 is only
slightly less than for water absorbed by the biomaterial of the mushrooms Amanita muscaria.

After preparing the AM1/Amanita composite system, the j value increases, and the
dependence of ys on the ratio of the concentrations of hydrophobic and hydrophilic components
has a maximum at AM1/Amanita = 1/1. This value of the concentration ratio corresponds to the
minimum value of the average radius of clusters of adsorbed water (R = 8 nm) (Fig. 25). Under
conditions of a large excess of the hydrophobic component (AM1/Amanita = 9/1), the
disappearance of small water clusters is observed. A probable reason may be the merging of water
into clusters or domains of larger size; accordingly, the surface of the water/air interface decreases
and the interfacial energy decreases.

The addition of chloroform is accompanied by a slight decrease in the s value. Apparently,
even when a significant part of the interparticle gaps is filled with water, chloroform is able to
diffuse to the surface of hydrophobic particles, reducing the interaction of water clusters with the
surface and creating conditions for their association into extended water structures.

It has been shown that hydrophobic silica AM1 can serve as a good nano-sized matrix for
the preparation of composite systems with hydrophilic biogenic drugs. In the same time, it
performs several functions at once: mechanically separates particles of biomaterial from each other,
which prevents them from caking and becoming infected with fungal spores; transforms interfacial
water into a clustered state (radius of water clusters 1-50 nm), which is characterized by excess
free energy, and due to air microbubbles, does not allow rapid desorption of biologically active
substances into the aqueous environment.
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It has been established that in the AM1/Amanita composite systems, despite its
hydrophobic properties, the energy of water binding is greater than in the original materials. The
maximum value of interfacial energy of water was recorded at the same concentration of
ingredients in the AM1/Amanita composite system. At a higher content of the hydrophobic
component, due to the merging of nanosized water clusters, the process of formation of extended
water structures begins, which is accompanied by a decrease in interfacial energy and an increase
in the radii of adsorbed water clusters.

INTERFACIAL INTERACTIONS IN COMPOSITE SYSTEMS BASED ON
SILICA AND INULIN

Inulin belongs to soluble polysaccharides of plant origin. Its peculiarity is ability to
stimulate the activity of a certain type of intestinal microorganisms (mainly Bifidus group).
Therefore, it is considered a prebiotic, i.e. a non-digestible food ingredient capable of improving
health by stimulating the growth of activity of a certain type of bacteria [136-153]. Inulin is
currently produced on an industrial scale from the roots of a number of plants such as Asteraceae:
burdock, topinambur, dandelion root, chicory and many others [154-161]. Selective stimulation
of intestinal microflora contributes to the increase of immunity of the organism, therefore inulin is
considered to be an immunomodulatory substance. Unlike starch (a widespread reserve
polysaccharide of plants), inulin is a D-fructose polymer containing up to 27—35 fructose residues
in furanose form and one glucose residue [162—-166] with the structural formula:

OH H
?HOH

Inulin is available in the trade network mainly in two dosage forms of biologically active
supplements — tablets and drops. Since prebiotics should not undergo hydrolysis by human
digestive enzymes, as well as be absorbed in the upper parts of the digestive tract, a promising
direction in the creation of new more effective dosage forms. The goal of this work was to create
newer, more effective dosage forms by designing nanostructured composite systems based on
pyrogenic silica with different hydrophobic-hydrophilic properties and powdered inulin. It is
assumed that the composite system will consist with micron particles formed by silica, and inulin
will predominantly be located in the inter-particle gaps. This will provide optimal conditions for
the release of inulin in the colon, thereby enhancing the efficacy of the drug. Previously, composite
systems based on silica and medicinal plants, mushrooms, also succinic acid were created and
studied [140, 167-170], the results of which are summarized in monographs [8, 171].

The composite systems were prepared by grinding the compacted silica with inulin powder
for 20 min. Then, 250 mg/g water was added to the compacted silica or composites and further
grinded for 15-20 min. In all cases, a 1 g powder suspension was used. During such mechanical
treatment, a part of air was displaced from the interparticle gaps of both hydrophilic and
hydrophobic materials [99, 171].
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Fig. 26. Distributions along the radii of clusters of adsorbed water in AM1/Amanita composite
systems with different ratios of component concentrations and initial ingredients at h =1 g/g

Electron micrographs for particles of compacted silica A-300 (Fig. 27a-c), inulin
(Fig. 27d, e), methyl silica AM-1 (Fig. 27f-h) and composite system (A-300+AM1)/inulin
(Fig. 27i—K) are presented in Fig. 27. At low magnification, silica is in the form of agglomerates
with particle sizes ranging from units pm to hundreds of um. As the resolution of the microscope
increases, a porous particle structure formed by closely spaced agglomerates and aggregates is
observed. At the maximum magnification, primary silica particles with a size of 10-30 nm become
distinguishable. Silica and methylsilica (comparing Fig. 27a—c and Fig. 27f-h) are characterised
by a similar particle structure. Inulin is in the form of particles with no discernible crystalline
structure (Fig. 27d, e). With increasing resolution, the fine structure characteristic of amorphous
polymers becomes apparent. In the process of composite creation, polymeric inulin molecules are
distributed over the surface of silica particles losing their individuality. As a result, the composite
system in its appearance is close to the structure of the original silica particles (Fig. 26i—k).

Nitrogen adsorption isotherms and structural characteristics of the composite systems A-
300/inulin are shown in (Fig. 28a) and (A-300+AM1)/inulin are shown in (Fig. 28b). The
appearance of the isotherms is typical for mesoporous solids. Although pyrogenic silica refers to
non-porous materials with a developed surface, the interparticle gaps form a secondary porous
structure [172-175]. This structure is also preserved in composite systems based on inulin and
hydrophilic (Fig. 28a) or a mixture of hydrophilic and hydrophobic silica (Fig. 28b). The average
particle size forming the composite systems is 35-40 nm, the average pore radius is 15-20 nm,
and the specific surface area by BET is 140-170 m?/g. Since no large inulin crystals are observed
on electron micrographs (Fig. 27), it can be assumed that during mechanical processing due to the
high abrasive properties of silica there is a uniform distribution of inulin on the surface of silica
particles.
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Fig. 27. Electron micrographs for particles of compacted silica A-300 (a—c), inulin (d, e), methyl
silica AM1 (f-h) and composite system (A-300+AM1)/inulin (i—k)

The weight loss (TG), DTG and DTA curves for inulin (a), composites based on inulin and
silica A-300 (b), its mixture with hydrophobic silica A-300+AML1 (c) or AM1 (d), individual
A-300 (e) and AML1 (f) contained 50 % weight of the water are shown on Fig. 29. Measurements
were carried out for dry materials without water added to them. Water evaporation is carried out
at temperature T < 150°C. The residual water content in the samples is small. It does not exceed a
few per cent. At higher temperatures, inulin polymer chains are destroyed, dehydrogenated,
carbonised and oxidised to gaseous products. These processes can be observed on the DTG curve,
which contains three weight loss maxima. In the case of composite systems, in addition to the
processes associated with the dehydration of the sample (both inulin and silica) and the destruction
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of inulin, processes associated with the dehydroxylation of silica A-300 and the destruction of
dimethylsilyl groups AM1 occur. As a result, after heating the samples to 1000 °C, there remains
a non-combustible residue, which is dehydroxylated and dehydrated silica.

Since in the process of joint mechanical treatment of the silica mixture with inulin its
molecules are distributed in the interparticle gaps of silicas, a change in the phase state of inulin is
possible, which can be recorded by the X-ray phase analysis method (Fig. 30). However, the
presented X-ray patterns show that both the original inulin and its 1:3 composites with hydrophilic
silica A-300, hydrophobic silica AM1 and a 1:1 mixture of A-300 + AML1 are X-ray amorphous
and do not exhibit a pronounced crystalline structure.
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Fig. 28. Low-temperature nitrogen adsorption isotherms and structural characteristics of
composite systems A-300/inulin (a) and (A-300+AM1)/inulin (b)

Since inulin contains a sufficient amount of moisture adsorbed from the air, the IR Fourier
spectra in the region of water and water-bound hydroxyl groups v = 3700-3000 cm™ were similar
for all samples. On the other hand, the spectra of inulin/A-300 composite systems lack the
characteristic peak v = 3750 cm*, which corresponds to silanol groups not bound by hydrogen
bonds. From this it can be concluded that during mechanical treatment, silanol groups of the silica
surface bind to inulin molecules.

The *H NMR spectra of water in hydrophilic silica A-300 (Fig. 32 shows *H NMR spectra
of water in hydrophilic silica A-300 (Fig. 32a—c), composite systems A-300/inulin (Fig. 32d-f),
(A-300+AML)/inulin (Fig. 32g-i), and inulin (Fig. 32j, k)) in air medium (a, d, g, ),
deuterochloroform medium (Fig. 32b, e, h, k) and 5CDCl3+1CF;COOD medium (Fig. 32c, f, i, I).
The measurements were performed at the same water content of the samples h = 250 mg/g. The
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most intense signal in the spectra is due to strongly-associated water (SAW) [25, 84, 86, 92], whose
molecules form a hydrogen bonding network in which each water molecule simultaneously
participates in the formation of 2—3 hydrogen bonds. With decreasing temperature for all the
studied systems, the intensity of the SAW signal decreases due to its partial freezing. At the same
time, the freezing temperature is lower the more strongly the free energy of interfacial water is
reduced by adsorption interactions (due to disruption of the geometry of the hydrogen bonding
network or transformation of water into a system of nanoscale clusters).
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Fig. 29. Weight loss, DTG and DTA curves of inulin (a), A-300/inulin (b), (A-300+AM1)/inulin
(c) and AM1/inulin (d), A-300 (e) and AM1 (f) when the samples were heated from room
temperature to 1000°C
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Fig. 30. Data of X-ray phase analysis of inulin and its composite systems 1:3 with hydrophilic
silica A-300, hydrophobic — AM1 and a mixture of 1/1 A-300+AM1

Fig. 31 shows the results of the study of inulin and composite systems based on it, obtained
by the method of IR Fourier spectroscopy (reflection):
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Fig. 31. IR spectra of inulin and its composite systems 1:3 with hydrophilic silica A-300,
hydrophobic — AM1 and a mixture of 1/1 A-300+AM1

The spectral parameters of water adsorbed on silica (Fig. 32a—c) depend on the medium in
which the measurements are carried out. Replacement of air with organic medium (CDClIs) leads
to a decrease in the width of the SAW signal, its shift to the region of lower values of chemical
shift (Fig. 32b) and the appearance of a weakly intense signal of weakly-associated water (WAW)
at on = 0 ppm. Consequently, the weakly polar medium has a chaotropic (disordered) effect on the
adsorbed water [75-77], leading to the disruption of the three-dimensional hydrogen bonding grid
for the interfacial water. The addition of a small amount of trifluoroacetic acid (TFAA) to
chloroform medium (Fig. 32c) is accompanied by a shift of the signal towards larger chemical
shift values due to the ‘acidic’ protons of TFAA, which is characterized by the chemical shift value
on =11 ppm. The freezing point of the water-acid solution is significantly increased due to the
effect of solvation of acid molecules by water.

Despite the fact that inulin belongs to water-soluble polymers, the signal of its hydroxyl
groups in the air medium (Fig. 32d, g, j), both in composites and inulin powder is not observed,
which indicates its relatively low solubility in clustered water. Substitution of air medium with
chloroform medium (Fig. 32e, h, k) leads to the signal appearance for inulin hydroxyl group
on = 3 ppm. Its intensity increases with increasing temperature due to the growth of solubility and
the increase in the amount of non-freezing strongly-associated water.
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deuterochloroform medium (b, e, h, k) and 5CDCIlz+1CFsCOOD medium (c, f, i, )

The maximum signal intensity of hydroxyl groups is registered for inulin powder
(Fig. 30k), when all water present in the sample is concentrated near with polymeric molecules,
rather than distributed in the interparticle gaps of silica particles with inulin molecules
immobilized on their surface. The spectra of hydrated inulin in a mixed organic medium containing
TFAA have the most complex appearance (Fig. 30I). In addition to the WAW signal and inulin
hydroxyl groups (o1 = 3 ppm.), several signals of strongly-associated water differing in the
magnitude of the chemical shift (signals 1-3) are recorded in the spectra. This is due to the
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decreased solubility of acids in nanoscale water clusters [176, 177]. Then signal 3 (o1 = 5 ppm.)
should be attributed to water clusters that do not solubilise TFAA. Signal 2 — to clusters that
dissolve a limited amount of water, and signal 1 — to the water-acid solution. The increase in
chemical shift with decreasing temperature is due to the increase in acid concentration as the bulk
of the water from the solution freezes.

—=— A-300, Air
—=— A-300, Air _ —o— A-300
2a0 {30 O i oo, A
7 A-300/inulin 3/1, Air 7.5 -300/inulin /1, Alr
240 |77 A-300/inuiin 3/1, CDCq 1 70l & —v— A-300/inulin 3/1, CDCl,
7+ A-300finulin 3/1, CDCI,+TF 1 : . X A-300/inulin 3/1, CDCI,+TE
6.5+
200 1 T
= i __ 6.0 w
5 1607 g 55]
E =
z 120 A 5 5.0
($) ]
80 4.5
4.0
401 3.5
0+ 3.0
T T T T T T T T T T T T T T T T T T
210 220 230 240 250 260 270 280 290 210 220 230 240 250 260 270 280 290
Temperature (K) Temperature (K)
(@) (b)
0.0+ ——m e 1207 —— A-300, Air
/f —— A-300 CDCl,
wew =7 100+ A-300/inulin 3/1, Air
05 —— A-300finulin 3/1, CDCI,
= SBW ~ 801 A-300finulin 3/1, CDCI;+TFAA
€ 104 5
3t 2 o0-
o <
9] -1.54 —a— A-300/inulin/AM-1 1/0.3/0.3, Air O 40
—e— A-300/inulin/AM-1 1/0.3/0.3, CDCI, < /
A-300/inulin/AM-1 1/0.3/0.3, CDCI,+TFAA 204 \/
2.0+ —v— inulin, Air \
inulin, CDClI, 0 =—
-2.5 7 T T T T T T
0 40 80 120 160 200 240 -20 i 1-0
Cuw (Mg/g) R (nm)
(c) (d)

Fig. 33. Temperature dependences of non-freezing water concentration (a) and its chemical shift
value (b); Gibbs free energy change from non-freezing water concentration (c) and radius
distribution of adsorbed water clusters (d) for silica A-300 and its composite with inulin in air
and organic media

Figs. 33, 34 show the temperature dependences of the concentration of non-freezing water
(a) and the value of its chemical shift (b), the Gibbs free energy change from the concentration of
non-freezing water (c) and the radius distribution of adsorbed water clusters (d) for silica A-300
and its composite with inulin (Fig. 33) and for inulin powder and its composite with a mixture of
A-300 and AM-1 in air and organic media. At the same time, the dependences AG(Cuw) and AC(R)
were constructed on the basis of the dependences ACuw(T) in accordance with formulas (1)—(3).

The chemical shifts of strongly adsorbed water (Fig. 33b, and 34b), vary in the range from
3 to 8 on and depend on the ordering of the hydrogen bond network forming the adsorbed water
clusters [84, 92]. A common pattern for all the studied systems is a decrease in the chemical shift
of water when the air medium is replaced by chloroform medium (chaotropic effect). In some
cases, the dependences Jn(T) are not monotonic, i.e., in some areas, an increase in the value of
chemical shift with increasing temperature is recorded (cosmotropic effect). This may be related
to the ordering effect of the surface on water clusters of a certain size.
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Fig. 34. Temperature dependences of non-freezing water concentration (a) and its chemical shift
value (b); Gibbs free energy change from non-freezing water concentration (c) and radius
distribution of adsorbed water clusters (d) for inulin powder and its composite with A-300 and
AM1 mixture in air and organic media

Table 6. Characteristics of water layers adsorbed at nanosilica A-300, inulin powder and
composite systems containing inulin

Sample Medium AGS (kJ/mol) | Cuw® (mg/g) Cun"V (mg/g) ys (J/9)
300 Air 3 225 25 139
CDCl; -3 165 85 55
- Air -2.5 70 180 5.4
£+-300/inulin CcDCl, 2.1 70 180 54
CDCIs+TFAA -2.1 150 100 7.8
.. Air -2.5 90 160 6.1
(Fr 30 - AMIYinutin/ CcDCl, 2.1 70 180 5.2
o CDCIs+TFAA -2.5 155 95 9.1
inulin Air -2.5 83 167 5.8
CDCl; -2.5 90 160 7.1

Based on the AG(Cuw) dependences (Figs. 33c and 34c), the thermodynamic parameters of
interfacial water can be determined: the concentration of strongly and weakly bound water ((Cu®
and Cuw", respectively), the maximum reduction of the Gibbs free energy in the strongly bound
water layer (4Gs) and the interfacial energy, which determines the total free energy reduction that
applies to the entire bound water layer (Table 6). Since the amount of water in all samples was the
same, the effect of changing the composite composition and medium on water binding in the
samples can be evaluated by the value of ys. In this case, the part of non-freezing water for which
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the Gibbs free energy change exceeded 0.5 kJ/mol was considered to be strongly bound [84, 92].
The radius distributions of adsorbed water clusters were determined on the basis of the Gibbs-
Thomson equation (3). According to Figs. 33d and 34d, water is in the form of clusters with radii
ranging from a few tenths of nm to tens of nm. The smallest water clusters are formed in hydrated
silica powder A-300. Chloroform medium stabilizes water clusters of larger radius, and additions
of TFAA to it promote the formation of smaller radius clusters during freezing of suspensions. In
the hydrated inulin powder, water is in the form of clusters with radius 2—20 nm. CDCls medium
has little effect on the cluster radius distribution of water adsorbed by inulin.

The maximum water binding (ys = 13.9 J/g) is observed for silica A-300, which is due to
the formation of subnanometer-sized clusters of adsorbed water in the interparticle gaps (Fig. 33d).
The chloroform medium stabilizes the water clusters with radius R =4 nm. Inulin in the composite
with A-300 lowers the interfacial energy of water to 5.5 J/g. However, the addition of hydrophobic
silica AML1 to the composite in air increases the surface-water interaction (ys = 6.1 J/g). Comparing
the data from Table 6 and Fig. 33d (34d) we can conclude that the main parameter responsible for
the value of interfacial energy is the radius of adsorbed water clusters. Both the composition of the
composite and the medium can significantly influence the radius of adsorbed water clusters.
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The results of rheological studies of the composite system based on hydrophilic silica
A-300 and inulin immobilised at its surface, taken in a mass ratio of 10/1 and containing 8 g/g
H>0 are shown in Fig. 35. The dependence of shear stress on shear strain (Fig. 35a) has a complex
form characteristic of non-Newtonian fluids. In the initial part of the dependence y(7) value the
shear stress increases with increasing shear strain, and the more strongly, the greater the magnitude
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of the strain. This pattern corresponds to a pseudoplastic gel in which irreversible displacement of
some gel layers relative to others occurs with increasing strain. After reaching the maximum value
T starting its decrease, which is associated with the dissipation of mechanical energy of the rotor
associated with the rearrangement of the gel structure (dilant gel). At the curve of dependence of
complex viscosity (77) on shear strain (Fig. 35b), this process is observed as a gradual decrease in
viscosity with increasing strain for pseudoplastic gel and its sharp decrease for dilant gel.

Under the influence of shear deformation, gels can transition from a solid-elastic state to a
viscous liquid state [178-181]. The transition criterion is the equality of conservation and loss
moduli. The corresponding dependences for the silica/inulin composite system are shown in Fig.
35¢, which shows that the equality of these rheological parameters is observed at y = 10.5 %.

Inulin forms composite systems with hydrophilic or a mixture of hydrophilic and
hydrophobic silica during mechanical processing, maintaining a high specific surface area of the
composite system. At the same time polymer molecules are uniformly distributed on the surface
of mineral particles.

Both in initial materials and in composite systems, adsorbed water is in the form of
nanoscale or subnanoscale clusters formed by strongly-associated water, molecules of which
simultaneously participate in the formation of 2-3 hydrogen bonds. A weakly polar organic
medium has a disordering (chaotropic) effect on water. As the temperature decreases, the ordering
of adsorbed water molecules increases, although in some systems, temperature intervals are fixed
at which the cosmotropic effect of the surface on adsorbed water takes place.

The addition of hydrophobic silica AM1 to the A-300/inulin composite system leads to an
increase in the surface-water interaction. The magnitude of the interfacial energy correlates with a
decrease in the radius of the adsorbed water clusters.

Aqueous gels created from silica and inulin exhibit the properties of non-Newtonian fluids,
which depending on the magnitude of shear strain can exhibit both pseudoplastic and dilatant
properties.

CONCLUSIONS

Technologies have been developed for the production of nanocomposite systems based on
hydrophilic and hydrophobic silicas or their mixtures with biologically active plant-based
compounds, such as betulin, ginseng, pectin, and inulin. The physicochemical properties and
structure of the adsorption layer have been studied, and the concentration ratios of the components
at which the active substances are in their most active, nanoscale state have been determined.
Information has been obtained on the possibilities of regulating the release rate of biologically
active components from composite systems.

Inulin forms composite systems with hydrophilic or a mixture of hydrophilic and
hydrophobic silica during mechanical processing, maintaining a high specific surface area of the
composite system. At the same time polymer molecules are uniformly distributed on the surface
of mineral particles. Both in initial materials and in composite systems, adsorbed water is in the
form of nanoscale or subnanoscale clusters formed by strongly-associated water, molecules of
which simultaneously participate in the formation of 2-3 hydrogen bonds. A weakly polar organic
medium has a disordering (chaotropic) effect on water. As the temperature decreases, the ordering
of adsorbed water molecules increases, although in some systems, temperature intervals are fixed
at which the cosmotropic effect of the surface on adsorbed water takes place. The addition of
hydrophobic silica AM1 to the A-300/inulin composite system leads to an increase in the surface-
water interaction. The magnitude of the interfacial energy correlates with a decrease in the radius
of the adsorbed water clusters. Aqueous gels created from silica and inulin exhibit the properties
of non-Newtonian fluids, which depending on the magnitude of shear strain can exhibit both
pseudoplastic and dilatant properties.
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The process of formation of composite systems based on nanosilica A-300 and biologically
active substances (BAS): gallic acid (GA), glycyrrhizic acid (GLA) and its salts was studied using
a set of physicochemical methods. It was shown that when BAS are immobilized on the silica
surface by the method of joint grinding in a porcelain mortar, they pass into a nanosized X-ray
amorphous state. Water adsorbed on the surface of such composite systems is also in a clustered
state, and the radius of adsorbed water clusters is in the range of 0.4-50 nm. The chloroform
environment has a complex effect on the size of water clusters. In general, there is a tendency for
the radius of water clusters to increase when air is replaced by a chloroform environment. However,
this does not always lead to a decrease in the interfacial energy. The possibility of the existence of
metastable ice in the temperature range up to 287 K, stabilized by the surface of composite systems,
was discovered. The amount of such ice can reach 20 % of the total water content in the sample.
The possibility of using complex viscosity measurements for hydrated silica powders and silica
containing immobilized biologically active substances is shown. These measurements allow
recording changes in the phase state of complex mixtures during the formation of compact
composite forms under the influence of periodic mechanical loading.

It is shown that silica chemically modified by grafting dimethylsilyl groups can be
subjected to structural modification by mechanical activation with water, resulting in the formation
of a compact material with a bulk density of 200-250 mg/cm?, in which part of the interfacial
water passes into a weakly associated state. The addition of chloroform entails the formation of a
common water-chloroform system, in which almost all water becomes weakly associated. A
method has been developed for the formation of a hydrated silica/betulin composite system, which
makes it possible for a significant amount of weakly associated forms of water to exist in the
surface layer, some of whose properties are close to those of supercritical water. During hard
hydration (grinding with water in a porcelain mortar), water penetrates into the gaps between
hydrophobic particles of methylsilica or methylsilica with immobilized betulin and forms clusters
of weakly associated water, the radius of which can be 0.4-8 nm. This type of interfacial water
exists in a wide temperature range, its amount increases with increasing temperature.

The construction of composite systems containing pectins and silica materials can serve as
a promising direction in the creation of nanomaterials with high adsorption characteristics in
relation to molecules of medium and large molecular weight.In particular, it shows the prospects
of creating composites based on a mixture of hydrophobic and/or hydrophilic silicas (AM1 and/or
A-300, respectively) with pectin. It has been shown that the maximum adsorption of MB occurs
from the model solution at pH 5.5 on the surface of all the studied samples. The A-300/AM1/pectin
composite system proved to be the best, regardless of the amount of pectin in the composite (5 or
10 %) at different pH values, compared to other adsorbents. It is possible to control the structure
of interfacial water and the energy of interaction between water and the surface by changing the
concentration ratio of pectin and hydrophobic silica. In this way, new types of functionalized
materials can be created for use in medical composites.

It has been established that in the AMI1/Amanita composite systems, despite its
hydrophobic properties, the energy of water binding is greater than in the original materials. The
maximum value of interfacial energy of water was recorded at the same concentration of
ingredients in the AM1/Amanita composite system. At a higher content of the hydrophobic
component, due to the merging of nanosized water clusters, the process of formation of extended
water structures begins, which is accompanied by a decrease in interfacial energy and an increase
in the radii of adsorbed water clusters.
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MEJIUYHI HAHOKOMITIO3UTHU HA OCHOBI
I JPOPLIIBHUX TA I'JPO®OBHUX KPEMHE3EMIB TA IX
BJIACTUBOCTI

T. B. Kpyncbka, M. B. bopucenxo, H. 0. Kiimmenko,
JI. B. 3poas, O. A. HoBikosa, B. B. Typos
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Po3pobneno mexnonoaii 0ns 6upodHUYMEa HAHOKOMNOZUMHUX CUCEM HA OCHOBI 2i0pOdinibHUX
ma 2iopogooHUX KpemHesemie abo ix cymiweri 3 Oi0N02IYHO AKMUBHUMU CROJYKAMU POCTUHHO20
NOXOOJICeHHS, MaKumu 5K OemyniH, nekmuH ma IiHYMiH. Bynu Odocniosceni @izuko-ximiuni
81ACMUBOCMI MA CMPYKMYpa ao0copoOYitiHO20 wapy, a MAaKodC BGU3HAYEHI CNIBEIOHOULEHHS]
KOHYEeHmMpayiti KOMNOHEeHMI8, 3a SAKUX AKMUBHI PedOBUHU 3HAXOOSMbCA 8 CBOEMY HAUOINbUL
AKMUBHOMY, HAHOPO3MIpHOMY cmani. OmpumaHno iHghopmayiro npo MOMICIUBOCMI pe2y08AHHS
WBUOKOCMI 8UBLIbHEHHS OI0N02IYHO AKMUBHUX KOMNOHEHMIE 3 KOMNOSUMHUX cucmeMm. Inynin ma
inwi 6ioaxmueni pewosunu (BAP) ymeopioomb xomnozummui cucmemu 3 2iopo@intbHum abo
cymimwro  2iopoginonHoco ma 2i0poghobHO20 KpemHe3eMy Ni0 Hac MexamiuHoi 00poOKu,
30epiearouy BUCOKY NUMOMY NOBEPXHIO KOMNO3umHoi cucmemu. Boonouac BAP pienomipno
PO3N00JiNeHi Ha NOBEPXHI MIHEPANbHUX YACMUHOK. K y euxionux mamepianax, max i 8
KOMNO3UMHUX ~ CUCmeMax  aocopoosana 6004  3HAXO0UmMbCsA Y 6ueiadi  Hamo-  abo
CYOHAHOPO3MIDHUX ~KIACMEPI8, YMBOPEHUX CUIbHOACOYIUOBAHOI 800010, MONEKYIU AKOI
00HOYaCHO bOepymbv yuacmov 6 ymeopeHui 2—3 oonesux 36'saskie. Cirabkononsipue opeaHiune
cepedosue Mae Po3YNOPAOKYBANbHUL  (XAOMPONHUL) 6NAUE HA 600Y. 31 3HUINCEHHAM
memnepamypu 6nOpsOKY8AHH AO0COPOOBAHUX MONEKY 800U 30LILUULYEMbCA, XOUd 8 OesKUX
cucmemax ¢hikcosani memnepamyphi iHmepeau, 3a AKUX 8i00y8acmMvcss KOCMOMPONHUL BNIUB
noeepxui Ha adcopbosary 600y. Jooasanns 2iopoghodonozo kpemmuezemy AMI 0o xomnozummuoi
cucmemu A-300/5AP npusooums 00 30inbuueHHs 63aEMO0il Midic RO8epxHero ma 600010. Benuuuna
MidcqhazHoi enepeii kopenioe 3i 3MeHueHHAM padiyca adcopbosanux Kiacmepis 6oou. Booui zeii,
cmeopeni 3 diokcudy kpemuito ma BAP, demoncmpyroms 61acmu8ocmi HeHbIOMOHIBCLKUX PIOUH,
SKI, 3A1eACHO IO 8eUUUHU Dedhopmayii 3CY8y, MOAUCYMb NPOAGIAMU K NCeBOONIACMUYHI, MAK |
ounamayititi 61acmueocmi.

KuarouoBi caoBa: ciopoginonuii ma 2iopogobuuii kpemuesemu, NeKMuH, IHyaiH, OemyiH,
OYPUMUHOBA KUCIOMA, KOMAO3UMHI CUCEMU, CUTbHO- MA c1aD0aAcoyitio8ana 800d.
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