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Tuopozenu wiupoko ucnonv3yromcsa 6 Kauecmee OCHOGbL 0714 MAZKUX J1eKAPCHIBEHHBIX
dopm u Kocmemuueckux Komnozuyuil (maszeii, Kpemos, 2eneil, Macox, 0epMaIbHbIX QUINEPOs U
m.o.). echopmayuonnvie ceoiicmea yKazanHvlX NPOOYKmMO8 AGAAIOMCA 6ANCHEUUWIUMU C MOYKU
3penusn yooocmea u 6e30naACHOCHU UX RPUMEHEHUA, 4 MAK)iCce ONMUMUIAUUN nPoYecca ux npo-
uzeoocmea. B oannoii pabome neopzanuueckue 2udpozeau OUOKCUOA KPEMHUA PACCMAMPUBA-
omcea ¢ Kauecmee NEPCREKMUGHOI OCHOBbL ONA pPa3pAdOMKU HOGLIX MAZKUX J1EKAPCHIBEHHBIX
dopm u npodykmoe onsa kocmemonozuu. bvinu cunmezuposanst zudpozenegple KOMnO3umul Ou-
OKCUOA KPEMHUA C 0-TUNOEEOIl KUCTOMOll, KOMOPAA AGIAEMCA UIGECMHBIM MOWIHLIM AHMUOK-
CUOAHMOM U RPUMEHAECMCA 071 JleHeHUA PA3IUYHBIX 3a001eeanuii Koxcu. Kpome mozo, ona oka-
3b16aem omoaxycusalouiee Oelcmeue Ha Kodcy. Yuumoiean yKazannoe nomenyuaibHoe npume-
Henue zuopozeneil u cnocod ux ésedeHus (MPaHcoepmMaIbHoe, UHbEKUUOHHOe), onu umenu pH 6,6—
7,4. Hucmole zuopozenu OUOKcUuOa KpemMHusA U uxX KOMRO3UMbL C d-TUNOE80 KUC/IOM Ol Dbl CUH-
me3upoeansvl 0GyXCmMyneHuamoim 301b-2€1b Memooom. C noMouspio Menmooa onmuuecKoil MukK-
POCKORUU ROKA3AHO, YN0 OHU UMEION 8bICOKO NOPUCMYIO nogepxnocmy. Onpedenenvt dedpopma-
YUOHHbLE CEOUICINEA CUHIMEIUPOBAHNBIX 2UOPO2ZETIell RPU CHCamuu, pacmadicenuu u cosuze. Iloka-
3aHO, YMO CUHME3UPOBAHHbIE 2UOPO2eNu 001a0alom OnpPeoeIennoll I1ACMUYHOCMbIO NPU AKCU-
AIbHOM CHCAMUU, MUKCOMPONuUeil, NpoAeIAIOm HCEEOONIACMUYHOCINb. YcmaHnosnenvt -
dhexkmul ycnosuii cunmesa (KOHUEHMPAWUU KAMAau3amopa 301e00pa3oéanus OUOKCUOa Kpem-
HUA, KOUYECmEa 1eKapCmeeHH020 6euiecmea) Ha 0ehopmayuonnple ceoliCMea KOMnO3UmMoe.
Dpgdhexmul 06BACHERBI C MOUKU 3pEeHUA 6TUAHUA YKAZAHHBIX YAKMOPOS HA NPOUHOCb mMPexXmep-
HO20 KapKaca OuoKcuoa KpemHusa 2uopozenesvix mamepuanos. Qonapyscennovle oegpopmayuon-
Hble ceolicmea 2udpozeneli OUOKCUOA KPEMHUA 0e1aiom UX nepCneKmUGHbIMU 0J1A PA3PadomKu
HOBbIX MAZKUX J1IEKAPCMEEHHBIX (YOPM 071 MORUUECKO20 NPUMEHEHUSL.
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Hydrogels are widely used as the basis of soft drug formulations and cosmetic compositions
(ointments, creams, gels, masks, dermal fillers, etc.). Deformation properties of these products are
very important from the point of view of the convenience and safety of their application, as well as
optimization of their production process. In this work, inorganic silica hydrogels are considered as
a promising basis for the development of new soft drug formulations and products for cosmetology.
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The hydrogel composites of colloid silica with a-lipoic acid which is a well-known powerful anti-
oxidant used for treatment of various skin diseases were synthesized. Besides, the drug has a reju-
venating effect on the skin. Taking into account the indicated potential application of the hydrogels
and the methods of their administration (transdermal, injection), the hydrogels had a pH of 6.6-
7.4. Pure silica hydrogels and their composites with a-lipoic acid were synthesized by a two-step
sol-gel method. Using the method of optical microscopy, it was shown that they have a highly po-
rous surface. The deformation properties of the synthesized hydrogels under compression, tension,
and shear were determined. It is shown that the synthesized hydrogels have a certain elasticity
under axial compression, thixotropy and exhibit pseudoplasticity. The effects of the synthesis con-
ditions (concentration of the catalyst for silica sol formation, the amount of the introduced drug)
on the deformation properties of the composites have been established. The effects were explained
in terms of the influence of these factors on the strength of the three-dimensional silica framework
of the hydrogel materials. The discovered deformation properties of silica hydrogels make them
promising for the development of new soft drug formulations for topical application.

Key words: silica, hydrogels, a-lipoic acid, deformation properties
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INTRODUCTION

Hydrogels are widely offered and already used
as the basis of soft drug formulations and cosmetic
compositions (ointments, creams, gels, masks, dermal
fillers, etc.). The vast majority of hydrogel materials
are based on natural and synthetic polymers with a
huge diversity of structures and properties [1-4] pro-
moting their extensive use for these purposes. At the
same time, inorganic hydrogels, in particular silica hy-
drogels are no less attractive materials for biomedical
application due to their biocompatibility, nontoxicity,
highly porous structure, ability to retain a large amount
of aqueous phase. Unlike many polymer materials, sil-
ica is resistant to degradation by enzymes and micro-
bial attacks [5, 6]. Therefore, in this work, inorganic
silica hydrogels are considered as a promising basis for
the development of new soft drug formulations and
compositions for cosmetology.

The hydrogel composites of silica with a well-
known antioxidant a-lipoic acid (LA) (thioctic, 1,2-di-
thiolane-3-pentanoic acid) as a model drug were stud-
ied. o-Lipoic acid and its derivatives were found to be
effective for treatment of various skin diseases [7, 8].
Besides, the drug promotes skin rejuvenation and is
promising component of cosmetic products [9-11].

In this work, we studied the mechanical prop-
erties (deformation under compression, tension, shear)
of the synthesized hydrogel materials. Such studies are
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very important in terms of the indicated potential ap-
plication of the hydrogel materials. The deformation
properties influence functionality of the topical formu-
lations (correct dosage transfer to the target site, ability
to restore and maintain shape and consistency after ad-
ministration), consumer properties (ease of extraction
from container, application on the skin), as well as af-
fect various steps of their production process (for ex-
ample, mixing, filling, packing).

It is well known that the conditions of sol-gel
synthesis affect the structure and properties of silica
materials [12-13]. There is a limited number of works
in the literature devoted to the study of the effects of
sol-gel synthesis conditions on structure and properties
of silica hydrogels. Cao et al. [14] found that silica vol-
ume fraction (o) plays a significant role in both the
structure and ultimate mechanical properties of the
gels. The gel with high silica volume fraction builds a
stronger network. However, salt concentration has no
effect on the strength of the silica gels. Ahmed et al.
[15] studied the influence of soluble silica precursor
(sodium silicate) and colloidal silica (Ludox) concen-
tration as well as pH on the structural and mechanical
properties of the nanocomposite hydrogels obtained
from sodium silicates/colloidal silica mixtures. They
revealed that the compression Young’s modulus
slightly increased with silicate concentration, but the
introduction of Ludox led to significantly increased
mechanical stability of the silica matrix of the hydro-
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gels. Serban et al. [16, 17] showed that stiffness of sil-
ica hydrogels depended on a HO: tetraethoxysilane
(TEOS) ratio and the silica particle size. However
these parameters did not influence noticeably on re-
lease properties of incorporated drugs.

In the present study, the hydrogel composites
were prepared by two step sol-gel method. The effects
of the concentration of catalyst of silica sol formation
(HCI) and the drug loading on the deformation proper-
ties of the silica hydrogel materials were revealed.

EXPERIMENTAL

The two-step sol-gel synthesis of the hydrogel
composites and pure silica hydrogels has been de-
scribed in detail in [18]. The hydrogel materials were
prepared using HCI concentrations of 0.125M, 0.25M
and 0.50M and the drug loadings of 3.9-4.6 mg/g (low
drug loading (L)) and 8.5-9.6 mg/g (high drug loading
(H)), so the pure silica hydrogels and the hydrogel
composites with a-lipoic acid (LA) were designated as
HG1, HG2, HG3 and LA-HG1(L), LA-HG1(H), LA-
HG2(L), LAOHG2(H), LA-HG3(L) and LA-HG3(H),
respectively.

Morphology of the synthesized hydrogel ma-
terials was investigated using an optical microscope
XSP-104 equipped with a camera Micro Ocular PCE-
ME 100 (APEXLAB, Russia). For this purpose, about
2.5 mg of each hydrogel was evenly applied in a thin
layer to a glass slide surface and covered with another
glass slide, and the optical images were performed

Uniaxial compression and tensile tests were
conducted at room temperature using a test machine [19].
Samples of height (H=5 mm) and diameter (D=20 mm)
were used. The tests were performed at a constant
cross-head speed of 0.021 mm-s-1. The compression
strain (ec) and the tensile strain (et) were determined as
g =1-X, and & = A — 1, respectively, where A=1/10 (10
and I) are the heights of sample before and after defor-
mation). The compression stress (oc) and the tensile
stress (o1) were calculated as o. = F/Ag and o = F/Ao,
respectively, where F. and F; are the load forces at
compression and tension, Ao is the surface area. The
compression and tensile Young’s modulus values were
calculated from the slope of initial linear part of the
stress-strain curves.

Rheological tests were performed at room tem-
perature using a Brookfield DV2T Viscosimeter
(Brookfield, AMETEK, Inc. MA, USA). A hydrogel
sample was placed in cylindrical cell, and a cylindrical
spindle (LV-2C or LV-3C) attached to the device was
accurately immersed into the cell. The hydrogel was
equilibrated for 10 min prior to testing. Viscosity and
shear stress were measured in a shear rate range of 0.3-
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8.4 s1. The experimental flow curves were fitted with
the modified Bingham model (1) [20, 21], the Bingham
model (2), the Casson model (3), the Ostwald- de
Waele or Power Law model (4) [22]:

T =7, +15y +Cy° (1)
T=7T,+1gY )
2 =15 +(7.7)" 3)
r=Ky" 4)

where t is the shear stress, vy is the shear rate, o is the
yield stress, npl is the plastic viscosity, C is the con-
stant, K is the consistency index, n is the flow behavior
index. The predicted data for each model were evalu-
ated using the coefficient of correlation (R2) and root
mean square error (RMSE) (5):

N
Z(y| model yi exp)2
RMSE = |2 (5)
N

where yi model and y; exp are the predicted and actual
values, respectively, N is the number of data points. A
model that shows the maximum of R2 and the mini-
mum of RMSE gives the best description of the ob-
tained data.

The thixotropic properties were studied using
the method of hysteresis loop. In this experiment, the
apparent viscosity vs shear rate dependences were rec-
orded at the increasing (from 0 to 8.4 s*) and then im-
mediately decreasing (from 8.4 to 0 s) shear rate. The
degree of thixotropy was estimated as the thixotropy
index, T, which is defined as

T _ wad _Sbwd (6)
S fwd
where Swa and Spwa are the areas under forward and
backward curves, respectively [23, 24]. The areas were
calculated using the trapezoidal method.

RESULTS AND DISCUSSION

The synthesized hydrogel LA-silica compo-
sites were smooth, uniform and slightly opalescent yel-
lowish materials. The color is due to the presence of
the antioxidant. The pure silica hydrogels synthesized
under the same conditions for comparison were color-
less and had the same consistency and opalescence.

Optical microscopy makes it possible to study
the morphology of the hydrogels containing a large
amount of an aqueous medium in their original form,
without freezing or drying. As an example, Fig. 1
shows the optical image of LA-HG1(H).

It is seen that the surface of the hydrogel is
highly porous. The pores are round and slit-like.
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The elasticity (ability of material to return to
its original for and size after removal of deformation
force) is very important property of soft drug formula-
tions and cosmetic products [25- 27]. As is known, the
compression Young’s moduli characterize a material’s
stiffness. The higher stiffness of material signifies the
higher its ability to resist the applied deformation
forces. The modulus values were determined by the
slope of the elastic region of the stress-strain curves,
i.e. the initial linear portion of the curves. The ultimate
tensile stress values were determined as the maximum
values on the ot=f(et) curves. The comparative dia-
grams of the compression modulus values and the ulti-
mate tensile strength values are presented in Fig.2.

Fig. 1. Optical image of LA-HG1(H) (The scale bar is 250 pum)
Puc. 1. CHUMOK C ONTHYECKOT0 MUKPOCKOTIA 71l THAPOTE/IEBOTO
xommosuta LA-HG1(H) (bap-meTtka cootBeTcTBYeT 250 MKM)

The Young's moduli decrease with the increas-
ing concentration of the catalyst of silica sol formation
(HCI). The observed regularity can be explained by a
decrease in the strength of three-dimensional silica net-
work of the hydrogels under influence of this factor.
For preparation of the hydrogels with pH ~7, larger
amounts of the buffer solution with pH 7.4 were added
to the sol for neutralization of the higher acid concen-
tration. This lead to an increase in the amount of liquid
phase and a decrease in volume fraction of silica in the
hydrogels and, hence, their stiffness decreases [14, 16].
As for the drug loading, it is seen that the low LA load-
ing resulted in a slight increase in the elastic modulus
values. Possibly, the introduced small amounts of hy-
drophobic LA strengthen the hydrogel structure due to
hydrophobic effect resulting in structuring of aqueous
environment in the hydrogels. However the increased
drug loading decreases stiffness of the hydrogel com-
posites. T.

58

Compression Young's modulus, kPa
60,00

50,00

40,00 -

30,00 -
20,00

10,00

0,00 T

HG1 HG2 HG3 LA-

.

LA- LA-

LA-  LA- LA

HG1(L) HG2(L) HG3(L) HG1(H) HG2(H) HG3)H)

Ultimate tensile strength, Pa
600,00 4

500,00 | T

400,00 -
300,00
200,00 -
100,00 -

0,00 I S ——

HG1 HG2 HG3 LA- LA- LA-

‘ LA- LA- LA-

HG1(L)HG2(L)HG3(LYHG1(H)HG3(H)HG3(H)

Fig. 2. Compression Young’s moduli and ultimate tensile strength
of the synthesized hydrogels (The data are presented as mean
+ SD, n=3)

Puc. 2. Moaynu IOHra npu cxxatuu 1 npenensHas IpOYHOCTb
[IPU PACTSHKEHUH CHHTE3UPOBaHHbBIX Tuaporeneii (JanHsie
MpeCTaBIeHbI KaK Cpe/Hee 3HaYeHUe + CTaHIapTHOE OTKIOHE-
Hue, n=3)

The ultimate tensile strength is the maximum
tensile stress that the sample can withstand without
breaking. As can be seen from Fig. 2, the values of ul-
timate tensile strength for pure silica hydrogels are
very low. Perhaps, this is due to their inorganic nature.
The introduction of the organic substance contributes
to an increase in the tensile strength of the hydrogels.

For potential practical application of the syn-
thesized hydrogels as soft drug formulations and cos-
metic products, their behavior under shear loading is of
great interest. In order to calculate rheological charac-
teristics of the hydrogel materials, the flow curves
(shear stress via shear rate) were fitted with various
rheological models. It was found that the modified
Bingham model and the Ostwald- de Waele model ex-
hibited the best description of the experimental flow
curves (the R2 values for all fits were 0.96-0.99, the
RMSE values were 0.045-0.776). The Bingham and
the Casson models showed lower R2 and RMSE values
(0.55-0.92 for the R2 and 7.03-123.44 for the RMSE).
Using the modified Bingham model, the yield stress
values (t0) were determined. The consistency index
(K) and the flow behavior index (n) were calculated
using the Ostwald- de Waele model. The comparative
diagrams of the obtained rheological characteristics for
the synthesized hydrogels are presented in Fig. 3.
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g. 3. Rheological characteristics of the synthesized hydrogels
(The data are presented as mean + SD, n=3)
Puc. 3. Peosornueckue xapakTepuCTUKA CUHTE3UPOBAHHBIX TH/I-
poreneﬁ (HaHHLIe MpEeaCTaBJICHbI KaK CPEAHEC 3HAUYCHUE + cTan-
ApTHOE OTKIIOHEHHE, N=3)

F

The values of flow behavior index n (0.02-
0.37) indicate the shear-thinning effect or pseudoplas-
ticity of the synthesized hydrogels [22]. It is associated
with breakdown of the 3D silica framework under in-
creasing shear rates and organization of the formed
smaller particles in the flow direction resulting in the
decrease in the viscosity of the hydrogels [28]. Besides,

E.S. Dolinina, E.V. Parfenyuk

the index can be interpretated as the rate of change in
the hydrogel structure during shear deformation: the
higher n, the less stable the structure of the hydrogels:
the higher n, the less stable the structure of the hydro-
gels [29, 30].

The yield stress (to) determined by model fit-
ting is dynamic yield stress, which is the minimum
stress to maintain the material’s flow or terminate it af-
ter the stress is removed [31, 32]. It is related to the
structure of the material destroyed by shear forces and
characterizes the level of structure of the material re-
stored after removal of the shear stress (for example,
after extrusion from the syringe, tube). Therefore the
dynamic yield stress is very important for solution of
technological problems of administration of soft drug
formulations and cosmetic compositions. As can be
seen from Fig. 3, the synthesized hydrogels are charac-
terized by the dynamic yield stress of 2-22 kPa. The
effects HCL concentration and the drug loading on
the 7o values are similar to those observed for the elas-
tic moduli and are explained by changes in the struc-
tural strength of the hydrogels under influence of
these factors.

The consistency index k characterizes the vis-
cosity properties of the hydrogels at a unit shear rate
gradient. If the hydrogels become more viscous, the in-
dex increases.

Thixotropy is the ability of a material to shear-
thinning (reduction of viscosity) under mechanical
stress and shear-thickening (recovery of viscosity) at
rest. The thixotropic properties of the synthesized hy-
drogels were determined using the hysteresis loop
method [33]. The quantitative characteristic of the
thixotropic properties is the thixotropic index (T),
which is proportional to the area of hysteresis loop and
is a measure of the energy required to breakdown thix-
otropic structures of the hydrogels by shear forces. The
higher T coefficient indicates the slower the restructur-
ing the hydrogels and the higher their thixotropic prop-
erties of the hydrogels. The index values calculated ac-
cording the eq. (6) are presented in Table 1.

Table 1

Thixotropy index of the synthesized hydrogels
Taﬁﬂuua 1. I/IH}IeKCLI TUKCOTPOIMHOCTHU 1JIsi CHHTE3UPOBAHHBIX rl/mporeneifl

LA- LA- LA- LA- LA- LA-
HGL | HG2Z 1 HB3 | o1y |He2() | HE3(L) | HGI(H) | HG2(H) | HG3(H)
024 021 |014 043 0.37 0.21 0.32 0.1 0.20

It is seen that LA-HGZ1(L) exhibits the highest
thixotropic paroperties. The greater T value, the more
energy must be expended to destroy the structure of the
hydrogels and, consequently, the stronger is the struc-
ture of the hydrogels.

ChemChemTech. 2022. V. 65. N 8

It should be noted that the pseudoplasticity
(shear-thinning), the presence of a yield stress and thix-
otropic properties are desirable for soft drug formula-
tions and cosmetic products [33-36].
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CONCLUSION

In this work, the deformation properties of sil-
ica hydrogels materials under compression, tension
and shear were studied. The regularities of influence of
sol-gel synthesis conditions (concentration of the cata-
lyst of silica sol formation, drug loading) on the defor-
mation properties were revealed. The study showed
that, in terms of the deformation properties, the silica
hydrogels are promising platform for development of
new soft drug formulations and cosmetic composi-
tions. The synthesized hydrogels possess a certain elas-
ticity under uniaxial compression, exhibit pseudoplas-
ticity, thixotropy. These properties are desirable for soft
drug formulations because they affect the ease and
safety of administration of the products, the duration and
efficiency of their functioning. They are important for
the manufacture processes of the indicated products.
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