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The aim of the work was to study the effect of methylsilica additions and deuterochloroform
hydrophobic medium on the water state in a phytocomposite system “Lymphosilica”.

The water state in a Lymphosilica composite material, created by mechanochemical activation of a
mixture of milled medicinal plants and wetting-drying silica A-300 was studied by low-temperature
'H NMR spectroscopy. The parameters of bound water layers in the initial composite and hydrated
mixtures with methylsilica in air and hydrophobic media were measured. It was shown that liquid and
solid hydrophobic agents reduced the binding of water with the cellulose components of medicinal plants.
This can be used to control desorption rate of the bioactive complex for oral and transdermal use such

herbal biological active components.

Key words: nanocomposite, hydrophobic silica.

Recent years saw a trend to minimize the
potential load on the body during medical
treatment, which led to wide application
of biotechnologically produced bioactive
compounds extracted from medical plants
or synthesized by microorganisms [1-3].
There also are tisanes or dry herbal blends
taken orally individually or in combination,
for example, with highly dispersed silica
[4, 5]. Several kinds of preparations (food
supplements) are prepared in Ukraine, sold
under the common name of Phytosils, to treat
different kinds of diseases [6]. The filling
substance (highly dispersed silica) fulfills
several functions at once: detoxification, due
to absorption of the mineral component of

protein-derived toxins; regulation of the rate
of release of the bioactive complex from the
plant component due to nanosilica’s strong
effect on the ability of cellulose micro fibrils
to hold water; and therefore, desorption of
bioactive substances [7—9], as well as formation
of the gastrointestinal mucous layer between
the silica particles and the components. The
layer consists of weakly structured water
forms which increase the bioaccessibility of
poorly soluble substances [10, 11].

A promising direction of functionalization
for composites containing plant materials
can be the construction of complex systems
which contain hydrophilic silica and its
methylated analogue, methylsilica. The latter
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is produced by grafting a thin hydrophobic
layer by substituting silanol groups with methyl
ones [12, 13]. Such composite systems can be
used both orally and as part of either medical
or cosmetic transdermal devices. In this case,
the parameter limiting the rate and degree of
the bioactive complex release can be the water
binding energy — the lower it is, the easier it is
for the composite releases the substances. The
low temperature 'H NMR-spectroscopy is an
efficient method to measure parameters of water
bound by highly disperse and porous materials
[14—-17]. The change in Gibbs free energy (AG)
and the radius (R) of adsorbed water clusters are
functions of the depression of the its freezing
temperature (T —273 K), and the structure of
hydrogen bond nets vs chemical shift (6H).

Thus, the aim of this work was to study
the effect of methylsilica (MS) additions and
hydrophobic medium (CDCl;) on the water state
in a phytocomposite system “Lymphosilica”,
a dietary supplement prepared in the Chuiko
Institute of Surface Chemistry of the National
Academy of Sciences of Ukraine (TU U 10.8-
03291669-005:2017) as a supplement for
lymph and blood purification.

Materials and Methods

Hydrophilic (A-300) and hydrophobic
(AM1-300) silica were synthesized by Research
experimental plant of Chuiko Institute of
Surface Chemistry, Kalush, Ukraine. The
phytocomposite system Lymphosilica includes
wetting-drying highly disperse silica A-300
(Hydrosil, TU U 20.1-3291669-015:2016)
and milled medicinal plants (Hibiscus
sabdariffa flowers, Calendula officinalis
flowers, Echinacea purpurea flowers, leaves
of Taraxacum officinale, Calluna vulgaris and
roots of Elytrigia repens). Silica A-300 was
wetting-dried to bulk density p; = 300 mg/cm?
(dry) after the technique described in [18, 19].
After addition to dry composite 1000 mg/g
distilled water, its bulk density increased
to pg = 470 mg/cm?. To prepare a composite
system with a hydrophobic component (AM1
with bulk density py, = 50 mg/cm?), an equal
or half mass of nanosilica AM1 was added to
dry Lymphosilica, after which the mixture
was carefully blended in a ceramic mortar and
then distilled water was added in an amount
of 1000 mg/g of dry mixture. Wetted powder
was subjected to high mechanical load (intense
masticating with a ceramic pestle) until a
homogeneous compact mass was obtained of
density p; = 760 mg/cm?. Similar procedure
was followed to transfer the hydrophobic silica
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AM1 or initial silica into aqueous medium.

Methylsilica was transferred to aqueous
medium by mechanically masticating equal
masses of AM1 and water under high pressure
for 20—30 min. After 10—15 min the powder
density increased, and 20—30 min later it (and
the water) formed a thick compact layer on
the mortar’s sides that was cleared off with a
stainless steel spatula. The initial density of
the compacted AM1/water composite was about
1000 mg/cm3, yet when the substance was
lightly ground and placed into a 5 mm NMR
ampoule it decreased somewhat to 700 mg/
cm®. Thus, we compared the characteristics
of water between particles in hydrophobic
and hydrophilic kinds of silica, having
bulk densities p; = 700 and 600 mg/cm?,
and water content 2~ = 1125 mg/g and
1 000 mg/g, respectively.

The 'H NMR spectra were recorded using
a Varian 400 Mercury spectrometer of high
resolution with an operating frequency of
400 MHz. Eight probing 60° impulses of
1 us duration were used with a bandwidth
of 20 kHz. The temperature was controlled
by means of a Bruker VT-1000 device with
an accuracy of = 1 deg. The measurements
were taken in 5 mm measuring ampoules. As
hydrophobic dispersion medium deuterated
chloroform with 99.9% Deuterium was
used. To determine water binding in the
composites temperature dependencies of signal
intensity in unfreezing water during sample
heating from 200-210 K to 280-285 K were
measured. Signal intensity was determined by
integrating spectra with null line correction.
Relative mean errors were less than % 10+
for 'H NMR signal intensity for overlapped
signals, and =5% for single signals. Since the
amount of water in samples was 1 000 mg/g,
signal intensities were used to calculate the
dependence of unfreezing water concentration
(C,,) on temperature, and then employing the
empiric ratio obtained by calculation of Gibbs
free energy for ice [20].

AG,., = —0.036(273.15 - T), (1)

where AG(C,,) was calculated. Integrating it
over the whole range of change for C,,, interfacial
water energy was computed which determines
the summary decrease in free energy of water
due to the presence of interfaces [14—-1T7].

Cow
7s=-K [ AG(C,)dC,,, (2)
0

where C." is the amount of unfreezing water
at T=273 K.
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Size distribution for clusters of adsorbed
water was calculated according to Gibbs-
Thomson equation:

20,1,
2 (3)

AT =T, (R) =Ty =
T AH(pR

where T,,(R) is melting temperature of ice in
the pores (voids) of radius R, T,,,,, — melting
temperature of bulk ice, p — density of the
solid phase, o, — the energy of the solid-
liquid interaction (for example, via hydrogen
bonds), AH; — the bulk enthalpy of melting.
For practical use, equation (1) can be applied
as AT,, = (k/R), where the k& constant, for many
heterogeneous systems containing water is
close to 50 degree-nm [21].

TEM microphotography was taken at room
temperature by transmission microscope
Hitachi-600 (Hitachi, Ltd, Tokyo, Japan).

Microphotography of powders and
emulsions was taken using microscope
Primo Star (Zeiss, Germany) in reflected and
transmitted light at X100 and x400.

Statistic analysis. The accuracy of
measuring the thermodynamic parameters of
interfacial water from NMR spectroscopy data
was determined by the accuracy of measuring
the sample temperature (= 0.5 degrees) and
the intensity of the NMR signals. The signal
intensity was measured by integrating them
on the assumption of a Gaussian line shape
and phase correction of the zero line for each
spectrum. Such a procedure made it possible
to ensure accuracy of integration not less
than 10% . The accuracy of determining the
chemical shift was no worse than = 2%, and
the magnitude of interfacial energy was no
worse than 15%.

Statistical analysis for a series of samples
studied was not carried out, since the
repetition of measurements did not lead to
changes in the temperature dependences of
changes in the intensity of the NMR signal.
In physicochemical experiments, in contrast
to biological experiments, there is no separate
control experience. We monitor changes
in physicochemical parameters, such as
temperature, chemical shift, signal intensity,
etc. Therefore, statistical processing differs
from that when a series of similar experiments
is carried out and the variation of results due
to individual differences in biological objects is
observed. The total error of our experiments is
determined by the errors in the measurement
accuracy of parameters such as temperature,
signal intensity, etc. When repeating
experiments, a complete reproduction of

such dependences as C (T) or 6 (T) is usually
observed.

Results and Discussion

The TEM images of samples with different
component ratios (70% A-300 + 30% AM1
and 80% AM1+20% A-300) are rather similar
for composites made by mixing followed by
intense mastication in a ceramic mortar of
mixtures of hydrophobic and hydrophylic
silicas (Fig. 1). There are clearly visible
primary silica particles which due to inter-
particle interactions form preparations having
secondary nanoscaled pores. Primary particles
for both kinds of silica are about 10 nm. TEM
images confirm that chemical modification of
nanosilica causes almost no changes in size and
shape of primary particles.

To characterize specific features of
composite systems with nanosilicas and milled
medical plants, Fig. 2 shows microphotos of
composites made with some of the plants used
in Lymphosilica which have natural coloring —
Hibiscus sabdariffa flowers (red, Fig. 2, a, b)
and Calendula officinalis (yellow) (Fig. 2, ¢, g).

Mechanic activation leads to homogeneous
composite systems in which plant particles and
silica aggregates make up a compact substance
and are in close contact with one another. For
a composite obtained by intense mastication of
Lymphosilica with equal mass of methylsilica
(AM1) and 1 000 mg/g H,0, there were also
homogeneous composite systems colored
mostly by Hibiscus sabdariffa flowers (Fig. 3).

Low temperature 'H NMR-spectroscopy
was used to study composite systems with
water for Lymphosilica and its mixtures with
methylsilica AM1/1 ,1 and 1/2. Fig. 4 shows
the spectra of water in the Lymphosilica/H,0
(CH,O = 1000 mg/g) composite recorded at
different temperatures in air and in weakly

Fig. 1. TEM images of mixtures of hydrophobic
and hydrophylic nanosilicas:
a— 70% A-300+ 30% AM1;
b—80% AM1+20% A-300
Here and after: results of typical experiment are
presented
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c

Fig. 2. Microphotographs of composites based on hydrocompacted silica and Hibiscus sabdariffa flowers (a, b)
or Calendula officinalis (¢, d), taken in
reflected (a, ¢) and transmitted (b, d) light

d

Fig. 3. Microphotographs of composite system 1/1, obtained by mechanic activation mixture
of the Lymphosilica with AM1:
in reflected (a—c) and transmitted (d) light
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Fig. 4. "H NMR spectra of water in the composite system Lymphosilica/H,0 in:
air (a) and in CDCljg (b) recorded at different temperatures

polar organic solvent, deuterated chlorophorm,
which is a good model for hydrophobic salves
used in cosmetics. For composites including
methylsilica A1l the spectra are similar to
Fig. 4 and thus are omitted.

'H NMR spectra of samples that were
precooled to T = 200-210 K, demonstrate
only one adsorbed water signal with intensity
decreasing with temperature due to partial
freezing of bound water. The stronger water-
surface interactions or the narrower the
clusters including interfacial water, the lower
the temperature of freezing [15]. Chemical
water shift changes from 6H = 5 ppm at T =
285 K to 6H = 7-9 ppm at T = 200-220 K.
According to the classification [14-17] all
adsorbed water can be classified as strongly
associated, with each molecule forming two to
three hydrogen bonds.

Temperature dependences of the content
of unfrozen water and chemical shift
are presented in Fig. 5. The dependences
are antisymbatic: lower unfrozen water
concentration is accompanied by larger
chemical shift. This may be due to two main
factors: an increase in the orderliness of water
associates with a decrease in temperature and
an increase in the contribution from water
interacting with the proactive (electron donor)
centers of the bioactive complex that is part of
medicinal plants. In particular, Lymphosilica
can be expected to contain a lot of organic acids
(Hibiscus) with which the water molecules can
form strong hydrogen bonds that increase
chemical shift of adsorbed water. This is a
possible reason for the observed values of
chemical shift which are significantly larger
than those of tetragonal coordination of water
in hexagonal ice [22].

Another specific feature of temperature
dependences of chemical shift of adsorbed

water is the presence of inflection points at
temperatures around T = 240 K and T = 270 K.
These inflections might be caused to temperature
intervals where the probability of formation
of water poly-associates with different water
association degrees’ changes. Considering that
the chemical shift of tetrahedrally coordinated
water (hexagonal ice) is 6H = 7 ppm [22], on
the curves of 6H(T) this value corresponds to
an inflection in the range of T = 240-250 K.
Probably, at lower temperatures the contribution
of water bound to acid molecules increases. The
inflection of dependences SH(T) near the melting
point of bulk ice is caused by the increase in
amount of unfrozen water and therefore with its
structure nearing structure of liquid water with
its typical partially destroyed net of hydrogen
bonds [23—-25].

The dependences of changes in Gibbs free
energy vs the content of unfrozen water can
be (Fig. 6) estimated from integral intensity
of the 'H NMR spectra recorded at different
temperatures, according to formula (1).
Thermodynamic parameters of layers of bound
water — the amount of strongly and weakly
bound water (C%,, and C%,,, respectively),
the maximum reduction of free energy in the
strongly bound layer (AGS), and the value of
interfacial energy (yS) of Lymphosilica-based
composite systems are shown in Table 1. In
this case, weakly bound water is that part of
unfrozen water which freezes at T > 265 K
(AG< —0.5 kJ /mol).

Lymphosilica- and nanosilica-based
composite systems are multi-component.
That complicates analyzing changes in
their properties depending on composition.
Therefore, we studied the parameters of
interaction with water of the initial silicas
(wetting-drying A-300 and AM1) at close
hydration degrees. The silica A-300 has
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Fig. 5. Temperature dependences of the content of unfrozen water (B, C,,) estimated from integral
intensity of the "H NMR spectra recorded at different temperatures, and its chemical shift (3, ppm, A) for
Lymphosilica-based composites:

1 — Lymphosilica in air; 2 — Lymphosilica in CDClg; 3 — 1Lymphosylica/1AM1 in air; 4 — 1Lymphosilica/1AM1

in CDCls; 5 — 2Lymphosilica/1AM1 in air; 6 — 2Lymphosilica/1AM1 in CDClg
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Fig. 6. Dependences of change in Gibbs free energy

on concentration of unfreezing water
in Lymphosilica-based composite systems, where:
1 — Lymphosilica in air; 2 — Lymphosilica in
CDCls; 3 — 1Lymphosylica/1AM1 in air; 4 —
1Lymphosilica/1AM1 in CDClg; 5 — 2Lympho-
silica/1AM1 in air; 6 — 2Lymphosilica/1AM1 in
CDClg

hydrophilic surface due to the presence of a
large number of hydroxyl groups [12], and
so it can absorb a lot of water that clusters
at the surface, and the cluster size depends
on the morphology of interparticle space and
hydration degree [15]. Water absorption by
A-300 is thermodynamically favorable, since
the process is exothermic. On the surface of
hydrophobic silica AM1 there are practically
no centers of primary adsorption of water. So,
transferring it into aqueous medium requires
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certain energy expenditure — the wetting
process is endothermic. Such effect can be
obtained by mechanical and chemical means,
after the prolonged mastication of silica with
water. As a result of mechanical loading, air
is removed from the interparticle gaps of
hydrophobic silica and is replaced by water,
which interacts with the surface only by the
mechanism of hydrophobic hydration [26—28].

Dependences of the changes in
concentrations of unfreezing water on
temperature (calculated on their basis
dependencies of changes in Gibbs free energy
on the concentration of unfreezing water for
the hydrophilic (A-300) and hydrophobic
(AM1) silicas) are presented on Fig. 7, and the
characteristics of the layers of bound water in
air and in CDCI3 are given in Table.

According to the data in Table, the interfacial
energy values are determined by two parameters,
the concentration of strongly bound water and the
maximum reduction in free energy in the layer of
strongly bound water (AGS). The last parameter
determines the change in free energy in that part
of water which freezes at the lowest temperature.
This may be that part of the interfacial water,
which borders on the surface and is associated
with the primary adsorption centers, or water
that forms the smallest clusters, and, which
according to the Gibbs-Thomson equation (eq.
3) freezes at the lowest temperatures. To clearly
show the influence of the composite content on
the water binding in conditions of comparable
hydration of the surfaces, a diagram of changes
in yS and radius distribution of adsorbed water
clusters is shown in Fig. 8.
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Fig. 7. Temperature dependences of the content of unfrozen water (C,,,) estimated from integral intensity
of the 1TH NMR spectra recorded at different temperatures, and changes in the Gibbs free energy AG vs. C,,,

(for A-300 and AM1 samples with constant hydration upon NMR measurements:
h=1.1(g/g)in air and in CDClg

Characteristics of water bound to Lymphosilica-based composite systems in various media

Sample Medium Csmv (mg/g) CWW, (mg/g) | AGS (kJ/mol) YS, (J/g)
Air 250 750 -2.75 19,9 = 15%
Lymphosilica/H,0

CDCl; 150 850 -1.7 17.5+15%
Air 160 840 -2.0 16,4 = 15%

1 Lymphosilica/1AM1/H,0
CDCl; 140 860 -2.5 11.4 =15%
Air 130 870 -2.5 16,3 = 15%

2 Lymphosilica/1AM1/H,0
CDCl; 115 875 -2.5 12.2 5%
Air 50 950 -2 11.7 = 15%

A-300 /H,0
CDClg 10 990 -1.5 4.8+ 15%
Air 40 1085 -2.4 2.5+15%
AM1 /H,0

CDCly 30 1095 -2.5 3.2+15%

Interfacial energy of water bound with
hydrophobic or hydrophilic silicas (Table)
turned out to be significantly lower than with
Lymphosilica, and this was true for both air
and for chlorophorm media. Therefore, binding
is mostly caused by the plant component.

Maximum values of yS = 19.9 J/g were
recorded for Lymphosilica in air. In CDCl; it
decreases to 17.5 J/g. Addition of hydrophobic
silica results in decreasing of the interfacial
energy by 3-4 J/g (Fig. 8, Table). The effect
is even stronger in chlorophorm, where the
decrease in yS reaches 7 J/g. Comparing values
of interfacial energy with size distribution of
adsorbed water cluster it can be concluded that
in chloroform, or if the composite contains
solid hydrophobic component, the probability
of relatively smaller water clusters increases.
So, if for the Lymphosilica in an air medium
a significant part of water is in clusters with
a radius of R = 20—100 nm, then for the same
sample in a liquid hydrophobic medium the

maximum value on the distribution AC(R)
is R = 9 nm (Fig. 8, a). Addition of the solid
hydrophobic component (hydrated AM1) to the
composite lead to the similar results. There
is also one maximum in the distribution of
AC(R), and practically no clusters of R > 50
nm. Liquid hydrophobic medium increases
the contribution of small clusters of adsorbed
water. Consequently, using solid and liquid
hydrophobic additives it is possible to regulate
the energy of water binding in composite
systems based on medicinal plants and mineral
adsorbents over a wide range.

The mechanism of influence of hydrophobic
agents on the binding of water in milled
medicinal plants may be different. Thus, for
highly disperse materials it has been shown
that the medium of liquid weakly polar
substances reduces the interaction of water
with the surface due to liquid penetration into
the gaps between the clusters of adsorbed water
and the surface which reduces the possibility
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Fig. 8. Size distributions of adsorbed water cluster sizes for Lymphosilica-based composites:

(a) (where: 1 — Lymphosilica in air; 2 — Lymphosilica in CDCl3; 3 — 1Lymphosylica/1AM1 in air; 4 —
1Lymphosilica/1AM1 in CDClgz; 5 — 2Lymphosilica/1AM1 in air; 6 — 2Lymphosilica/1AM1 in CDCl3) and
the initial hydrophilic and hydrophobic silicas (b), and the diagram of changes in interface water energy
depending on the composite content (c)

of water clusters to interact with the primary
centers of water adsorption [17]. For a multi-
component system such as dietary supplement
Lymphosilica this kind of hydrophobic liquid
effect can be expected for the highly dispersed
oxides. The influence on the plant component
might be more complex since water binding in
the space between cellulose fibers [29] depends
on interaction with hydrophilic silica [8].

A method of creating dense, hydrated
composite systems based on milled medicinal
plants and a mixture of hydrophobic and
hydrophilic silica was developed It is shown
that for dietary supplement “Lymphosilica”
created on the basis of milled medicinal plants
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and hydrophilic silica, the amount of water
binding is several times higher than its binding
energy with both hydrophilic and hydrophobic
silica. Probably this due to the retention
of a significant part of water in space,
formed by cellulose fibrils.Using additives
of hydrophobic silica or liquid hydrophobic
medium, makes it possible to control free
energy of water binding. These results can be
used to create oral and transdermal medicinal
preparations.

The work contains the results of research
conducted with the grant support of the
State Fund for Fundamental Research on the
competition project F76/21.
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MeTtoro po6oTu OyJ0 BUBUMTH BIJUB JOna-
BaHHSA MeTHUJKpPeMHe3eMy Ta Triapodo6HOTO ce-
penoBuila aeiiTepoxyiopodopMy Ha CTaH BOAU B
diTokoMmo3uTHiN cucTeMi AieTmuHOI MOOABKU
«JIimpocunika» . MeTogoM HU3bKOTEMIIEPATYPHOL
g SAMP-cnekTpocKOIIii BUBUEHO CTAH BOAU B KOM-
mo3uTHOMY MaTepiaii «Jlimdocurikay, 1Mo “oro
CTBOPEHO MEeXaHOXiMiuHOI0 aKTHUBAIli€l0 cyMilri
moApiOHeHNX JiKapChbKUX POCIUH Ta MiApOoyIIiiab-
HeHoro KpemHeszemy A-300. Bumipano napamerpu
mapis 3B’ A3aHOI BOAU Y BUXiTHOMY KOMIIO3UTI Ta
B riipaToBaHUX cyMiliax 3 MeTUJIKPeMHe3eMOM
Ha moBiTpi Ta B rizpododbHOMY cepenoBuriii. IToka-
3aHO0, IO PiAKHUH i TBepAU rigpododHMii areHTH
3MEHIIYIOTh 3B’ A3yYBaHHS BOIAU 3 I[EJIOJO3HUMU
KOMIIOHEHTaMu JIiKapCbKUX POCJUH, II[0 MOKe
OyTH BUKOPUCTAHO A KOPEKI[il MmBUAKOCTI me-
copO11ii 6i0aKTUBHOTO KOMIIJIEKCY 3a IIePOPAJIb-
HOTO Ta TPAHCAEPMAJbHOTO 3aCTOCYBAaHHA POC-
JUHHUX IIpemaparis.

Knrwouwosi cnoséa: HaHOKOMIIOSUT, TigpodoOHMIA
KpeMHe3eM.
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ITenbio paboThI OBLIO UBYYUTD BAUSHUIE T0OAB-
JeHUsS MeTHUJKpeMHe3deMa U ruapoo0HOIi cpeabl
meiiTtepoxJsiopodopMa Ha COCTOSHUE BOABI B (hu-
TOKOMITIO3UTHOM CHCTeMe AUeTHUYeCKOM mo0aBKu
«JIumpocuauka». MeTogoM HU3KOTEMIepPaTyp-
Hoit 'H AMP-crieKTPOCKOIINY N3YUYEHO COCTOSAHUE
BOJBI B KOMIIOBUTHOM MarepuaJe «Jlumbocuiu-
Ka», CO3JAaHHOM MeXaHOXMMUUYECKON aKTUBaIen
cMecHu M3MeJIbUeHHBIX JeKapPCTBEHHBIX PacTeHU
U TUAPOYILJIOTHEHHOTO KpeMHezema A-300. W3-
MepeHbI TapaMeTPhI CJI0eB CBA3aHHOM BOABI B HC-
XOAHOM KOMIIOBUTE W TUAPATUPOBAHHBIX CMECAX
¢ MEeTUJIKPEeMHEe3eMOM B BO3AYIITHON 1 Tuapodo0-
HoU cpenax. [TokasaHo, UTO JKUAKUMA U TBEPAbIi
ruapo(OOHBIN areHThl YMEHBIITal0T CBA3bIBAHMIE
BOJBI C IeJIJTIIOJIO3HBIMY KOMIOHEHTaMU JieKap-
CTBEHHBIX PACTEHUM, UYTO MOKET OBLITh MCIIOJb-
30BaHO JOJA KOPPEKIMU CKOPOCTHU AecopOormmu
0MOAaKTHUBHOI'O KOMILJIEKCA IIPU IIePOPAJIbHOM U
TpaHCAePMAaJbHOM MPUMEHEHUU PACTUTEIbHBIX
KOMIIOHEHTOB.

Knrwoueevle cnoéa: HaAHOKOMIIOBUT, TUIPOGOO-
HBIA KpEMHE3eM.





