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It has been found that the encapsulation of high molecular
weight hyaluronic acid in a biologically relevant silica hydrogel
matrix provides its accelerated penetration into the skin
compared to free acid. The developed hybrid hydrogels, in which
high molecular weight hyaluronic acid retains its pronounced
anti-inflammatory properties and strong hydrating effect,
can become the basis for new, more effective soft formlations
for the treatment of inflammatory skin diseases, as well as
for products used in the beauty industry. It has been shown
that the penetration of hyaluronic acid from the hybrid
hydrogels depends on the conditions of their synthesis, the
average molecular weight and the loading of the acid.
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Polymer hydrogels are often proposed as new materials for
medicine and cosmetics.1-> Hyaluronic acid (HA) hydrogels and
materials based on them are of particular interest, since they are
already used clinically or are proposed for the treatment of various
inflammatory diseases.®” HA is a favorite among the ingredients
of beauty products.®®

The most important property of soft drug formulations for
topical application to the skin is their ability to penetrate into the
deeper layers of the skin, where they are expected to act. This
ability depends on the molecular weight of the drug. Published
studies have shown that low to medium average molecular weight
HA (1-300 kDa) penetrates well into or through human or animal
skin, whereas high molecular weight HA (1000-1500 kDa) does
not.1%11 1t should be noted that high molecular weight HA has
more pronounced anti-inflammatory properties compared to low
molecular weight HA.1213 Therefore, various strategies have
been proposed to improve the penetration of high molecular
weight HA. A number of studies have shown that encapsulation
of the acid in materials of different nature can increase its
penetration through the skin. For example, Kasetvatin et al.’*
encapsulated a high molecular weight acid in liposomes, resulting
in an improvement in skin permeability to acid by about 12%.
Chen et al.> showed that the encapsulation of HA in a lipid shell
formed by the SPACE peptide increased the permeability of porcine
and human skin to HA by several times.

In the present work, we investigated the percutaneous
penetration of HA encapsulated in silica hydrogel matrices. Sol-gel
synthesis of HA-silica hybrid hydrogel materials and study of the
influence of synthesis conditions (the concentration of HCI as a
catalyst for the formation of silica sol and the amount of added HA)
and the average molecular weight of the acid on the morphology
of the resulting hydrogels, their deformation properties under
shear, compression and tension, as well as the Kinetics of release
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into buffer solutions simulating biological media have been
described in our previous work.1® The present study is devoted to the
investigation of the effects of the above factors on the penetration
characteristics of HA through the chicken skin. Although bird
skin is thinner and has certain differences from human skin,*’
chicken skin is often used as a biological model for the transdermal
transport of various substances.'®20 In this work, chicken skin
was used as a model for studying the penetration of HA into the
deeper layers of the skin.

The investigated HA-silica hydrogels were designated as
HGX(Y)Z, where X = (1 or 2) refers to hydrogels synthesized
using 0.030 M or 0.125 M HCI, respectively, Y = (1% or 2%) refers
to the concentration of HA in the hydrogels and Z = (L, M or H)
refers to HA with low (20-50 kDa), medium (50-100 kDa) or
high (1000-1500 kDa) molecular weight, respectively. The data
obtained were compared with those of pure HA hydrogels HG(Y)Z.
Exvivo experimental methods and quantification of HA in receptor
medium (acetate buffer, pH 5.5) are described in detail in Online
Supplementary Materials.

As an example, Figure 1 shows the cumulative kinetic profiles
of penetration of low and high molecular weight HA through a
unit area of skin surface from hydrogels of pure acid and acid
encapsulated in silica hydrogel matrices.

As can be seen from the figure, there are small burst effects in
the dependences at 0.25-0.5 h. In addition to lag effects, burst
effects were observed quite often in studies of transdermal transport
of various drugs.2:-23 After the burst effect, the cumulative profiles are
well described by a zero-order kinetic model (R? = 0.96-0.98):

(Q%4>= Oy + kot, 1)

where A (cm?) is the skin surface area, Q, and Q; (ug cm™) are
the initial amount of HA in the receptor medium and the cumulative
amount of HA that has penetrated in time t (h) through a unit area
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Figure 1 Experimental cumulative kinetic profiles of percutaneous penetra-
tion of HA from hydrogels containing (a),(b) low molecular weight and
(c),(d) high molecular weight acids. Conditions: temperature 32°C and
acetate buffer (pH 5.5) as receptor medium.

of the skin, respectively, and k; is the zero-order rate constant.
The penetration rate or steady-state flux J (ug cm=2 h=1) of HA
through the skin barrier was calculated as the slope of the cumulative
profiles and was equal to ky:

,_4%)

Todr

The apparent skin membrane permeability coefficient P (g cm= h™1)
was calculated as

= k. @

P =J/C,, 3)
where C, (ug per g of hydrogel) is the amount of HA in the hydrogel
sample.

Table 1 shows the values of the above characteristics, as well
as the experimental values of the amount of HA that penetrated
into the receptor medium in 12 h per unit area, Q;, (exp). It also
shows penetration characteristics for 1% and 2% hydrogels of

Table 1 HA penetration characteristics from pure hydrogels and HA-silica
hybrid hydrogels.

Hydrogel J3ugem=2ht Px10%gcm2h™ Qp, (exp)/ug cm2
HG(1%)L 101+5 9.7 1404
HGL(1%)L  89+3 9.2 1289
HG2(1%)L 974 95 1295
HG(2%)L 195+19 9.6 2725
HG1%)L  92+4 48 1323
HG2(2%)L  142+11 7.2 1755
HG(1%)M 89+6 8.7 1143
HG1(1%)M 56+3 5.7 905
HG2(1%)M 76+3 8.1 1003
HG(2%)M 98+3 47 1289
HG1(2%)M 77%2 4.2 1025
HG2(2%)M 8042 4.2 1232
HG(1%)H 8415 7.9 1325
HGL(1%)H  71%5 7.1 1383
HG2(1%)H 89+3 7.6 1318
HG(2%)H 98+4 4.6 1398
HG1(2%)H 110+3 5.7 1749
HG2(2%)H 118+5 6.6 2147

aData are presented as an average value +SD (n = 3).

Figure 2 SEM images of (a) HG1(2%)M and (b) HG2(2%)M.

pure HA. The analysis of the data obtained made it possible to
identify the key features of the process.

The data presented in Table 1 show that the penetration
characteristics of HA increase with increasing concentration of
HCl used as a catalyst for the formation of a silica sol, regardless
of the average molecular weight of the acid and its loading. This
behavior may be related to the different morphology and particle
size of the hybrid materials, as can be clearly seen from the
scanning electron microscope (SEM) images in Figure 2, which
show SEM images of dried HG1(2%)M and HG2(2%)M as an
example. As can be seen from the images, the structure of dried
HG1(2%)M consists of strongly condensed aggregates of spherical
particles, whereas the structure of dried HG2(2%)M has a layered
morphology of smaller particles.

These differences may be associated with different gelation rates
during the formation of hybrid hydrogels. Although the gelation
process in the presence of HA occurs within a few minutes, the
gelation time of hydrogels prepared using 0.125 M HCl increased
by up to 2.5 times compared to the gelation time of hydrogels
prepared using 0.030 M HCI, for example, 18 min for HG2(2%)M
and 7 min for HG1(2%)M. Apparently, the layered matrix is less
strong, which leads to its faster degradation and, as a result, to an
acceleration of the penetration of HA through the skin barrier, as
well as to an increase in the permeability coefficient and the amount
of HA that penetrated the skin barrier during the experiment.
The fact that hydrogel matrices break down during penetration is
evidenced by bands in the electronic absorption spectra of the
receptor medium associated with light scattering by silica particles
(Figure S1, see Online Supplementary Materials). The faster
penetration process may also be facilitated by the decreased particle
size of the silica matrix. The indicated effect of particle size on
the rate and depth of drug penetration has been noted in a number
of studies.?+-2¢

According to equation (3), the apparent permeability coefficient
of the skin for HA decreases with increasing loading of HA in
hybrid hydrogels, whereas the permeation rate of HA increases.
The permeation rate is directly proportional to the concentration
gradient of HA in the donor and receptor chambers, which is the
higher, the higher the acid loading in hydrogels.

Comparison of the permeation characteristics for pure HA
hydrogels and hybrid hydrogels presented in Table 1 shows that
the encapsulation of low and medium molecular weight acid in
silica hydrogel matrices retards its penetration through the skin.
The same is observed for hybrid hydrogels containing 1% high
molecular weight HA. However, the penetration process is
significantly accelerated and skin permeability is increased for
hybrid hydrogels containing 2% high molecular weight HA.

There are several reasons for this behavior. In contrast to low
and medium molecular weight HA, high molecular weight HA
in solution are characterized by the effect of entanglement of
polymer chains, which increases with increasing acid
concentration.2’-2° The entanglement effect leads to a decrease in
the binding sites of HA to the silica matrix and a weakening of the
interaction between them, which can lead to an improvement in
the penetration characteristics of HA from HG1(2%)H and
HG2(2%)H. Another reason could be the hydration state of HA
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in the mentioned hydrogels. As shown in published papers, water
is one of the main enhancers of skin permeability, especially for
hydrophilic substances.®°-32 High molecular weight HA are
capable of retaining a huge amount of water, much more than low
and medium molecular weight acids. Also, apparently, the
encapsulation of high molecular weight HA in a highly
hydrophilic silica matrix significantly increases the hydration
potential of the system. Spreading such hydrogels on the skin
contributes to its significant hydration, which leads to an increase
in the penetration characteristics of HA from HG1(2%)H and
HG2(2%)H.

The established fact of increased penetration into the skin of
high molecular weight HA encapsulated in a silica hydrogel
matrix, compared to free acid, is of practical importance. Since
high molecular weight HA has anti-inflammatory properties and
a pronounced hydrating effect, hybrid hydrogels HG1(2%)H and
HG2(2%)H can become the basis for the development of new,
more effective soft formulations for the treatment of inflammatory
skin diseases (acne, dermatitis, psoriasis, etc.), as well as cosmetic
compositions.

The authors are grateful to the Upper Volga Regional Center
for Physicochemical Research for the opportunity to study the
obtained materials by the SEM method.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2023.06.037.
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