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Creation of novel remedies efficient in supporting wound healing remains an actual task in phar-
macology. Hydrogels showed high efficiency in wound healing and tissue regeneration due to viscosity,
elasticity and fluidity that provide them with functional characteristics similar to that in extracellular ma-
trix. The aim of the study was to create chitosan-based hydrogels functionalized with different components
(chondroitin-6-sulfate, hyaluronic acid, N-stearoylethanolamine) and to estimate their biocompatibility and
biodegradability in vitro. For the first time, a lipid substance N-stearoylethanolamine (NSE) known as sup-
pressor of pro-inflammatory cytokines expression was used as hydrogel component (1.95 mg/g). FTIR analysis
confirmed the complexation of chitosan molecule with hyaluronate, chondroitin-6-sulfate, NSE. MTT-test
and Trypan blue exclusion test were used to study hydrogels cytotoxicity towards human cells of different
tissue origin. Biodegradability of hydrogels was evaluated using direct hydrogel contact with cells and cell-
independent degradation. It was shown that chondroitin-6-sulfate (<2 mg/ml), hyaluronic acid (<2 mg/ml)
and NSE (26 ug/ml) did not demonstrate significant toxic effects towards pseudonormal human cells of the
MCFI104, HaCat, HEK293 lines and mouse cells of the Balb/3T3 line. The studied hydrogels were stable in
saline solution, while in a complete culture medium containing 10% fetal bovine blood serum they underwent
degradation in >24 h. The identified biodegradability of the chitosan-based hydrogels is important for the
release of noncovalently immobilized NSE into biological medium. Further studies on laboratory animals
with experimental wounds are expected to explore the potential of created hydrogels as anti-inflammatory
and wound-healing agents.

Keywords: chitosan hydrogels, chondroitin-6-sulfate, hyaluronic acid, N-stearoylethanolamine, FTIR
analysis, human pseudonormal cells, toxicity, biodegradability.

arious biological processes are activated
under tissue injury, and their deterioration,

for example, in the diabetic patients, alters

The maintaining of moisture condition in the
wound microenvironment contributes to faster and
better healing. The moisture in the wound is im-

normal wound healing causing severe complications
that may lead even to amputation. Thus, a creation of
novel remedies efficient in supporting wound healing
remain an actual task in pharmacology [1]. Differ-
ent types of cells are involved in the processes of
inflammation, cell proliferation, re-epithelialization
and tissue remodeling that take place during regen-
eration of damaged tissues [2].
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portant for autolysis, pain relief, induction of colla-
gen synthesis, promotion of keratinocyte migration
through wound surface, reduction of scar size, proper
supply of nutrients, and for action of cytokines and
other bio-regulators [3]. During principal stages of
wound healing, such as hemostasis, antibacterial and
anti-inflammatory action, the hydrogels showed the
highest efficiency, especially at the regeneration of
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the granulation tissues [4]. That might be due to the
viscosity and elasticity of hydrogels, as well as their
fluidity, that provide them with structural and func-
tional characteristics similar to such characteristics
in the extracellular matrices.

The hydrogels are effective wound dressing ma-
terials that is due to their biocompatibility, biodeg-
radability, capability of water uptake and retention.
Chitosan that is obtained during de-acetylation of
chitin possesses physico-chemical properties neces-
sary for preparation of hydrogel-like materials [4].
Chitosan is well known for its hemostatic and anti-
bacterial activities, as well as an inducer of skin re-
generation. Thus, its role in promoting wound repair
may be easily predicted [5].

Chondroitin sulfate and hyaluronic acid are
principal components of the extracellular matrix
that is of critical importance for tissue remodeling
taking place in wound healing [6]. Chondroitin sul-
fate—Zn complex demonstrated biocompatibility
towards NIH3T3 fibroblasts, as well as a capability
to induce the production of fibroblast growth factor,
collagen 111, and vascular endothelial growth factor,
and to suppress an expression of the pro-inflamma-
tory cytokines, such as IL-6, IL-13 and TNF-alpha.
Besides, this biopolymer possessed an antibacterial
activity towards Escherichia coli and Staphylococ-
cus aureus.

Hyaluronic acid is present in human tissues and
body fluids, participates in all stages of wound heal-
ing process, and is applied in wound dressings [7].

Earlier, we have shown that a lipid substance,
N-stearoylethanolamine (NSE), suppressed the ex-
pression of pro-inflammatory cytokines (IL-1, IL-6
and TNF alpha) in rats with inflammation induced
by thermal burn of skin [8]. The role of NSE in the
modulation of biological processes in human body
requires additional exploration. In general, lipids
are known to participate in several signaling mecha-
nisms that modulate various intercellular communi-
cations, and also in wound healing [9].

In the present work, we created chitosan-based
hydrogels functionalized with chondroitin-6-sulfate,
hyaluronic acid, or agarose, and NSE for stimula-
tion of wound healing. In such hydrogels, NSE was
used for the first time. The physico-chemical char-
acteristics of the developed hydrogels, as well as
the biocompatibility of their components in vitro
towards human cells of different tissue origin were
investigated. Besides, the biodegradability of the
created hydrogels in vitro was explored depending

on their composition and microenvironment. Alto-
gether, these characteristics are important for the
development of hydrogels to be applied for the sup-
pression of inflammation and enhancement of wound
healing in experiments conducted on laboratory ani-
mals.

Materials and Methods

Chitosans. Shrimp chitosan samples, namely
Chitopharm L, M, and S, were obtained from Chi-
tinor AS (Norway). Besides, chitosan from shrimp
shells was obtained in our laboratory using an earlier
developed method with slight modifications [10]. To
improve the solubility of chitosan preparations for
obtaining a high concentration of the solution (>4%),
the limited acid hydrolysis of the chitosan samples
was carried out by a prolonged incubation (about 24
h with stirring) of 40 mg of chitosan in 6 ml of water
mixed with 3 ml of 0.1 M HCI.

Agarose was purchased from Chemapol
(Czechoslovakia).

Chitosan-based hydrogels were prepared using
chondroitin-6-sulfate and hyaluronic acid purchased
from YUNATIS (China). Before use, these com-
pounds were converted into anionic forms.

Different methods of preparation of chitosan
gels were applied, namely: slow increase of the pH
of concentrated chitosan solutions, fixing the gel in
order to obtain films by mild treatment with alde-
hyde vapors or epychlorohydrin, gel formation on
supporting materials substrates (bandage meshes
made of cotton or polyamide fibers). Anionic poly-
saccharides, such as heparin, hyaluronic acid, and
chondroitin sulfate in free acid form, were used to
form ion-type crosslinks between chitosan chains in
the gel.

Preparation of chitosan-based gel—films. A
solution of the hyaluronic acid (sodium salt) was
poured evenly gently into Petri dish of the desired
size. After pouring, the dish form was placed on a
flat surface and cooled. To saturate the film with
NSE, a solution of this cannabimimetic was mixed
with a solution of the hyaluronic acid and heated for
1 h at 60°C in order to achieve uniform dissolution.

Preparation of chitosan-based hydrogels that
contain hyaluronic acid and agarose. Two-layer
chitosan-based gels were prepared. At first, hyalu-
ronic acid was dissolved in water (18 h with periodic
shaking) to 1% final concentration. Agarose was
added to the hyaluronic acid solution and heated to
boiling for complete dissolution of the agarose. This
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mixture was solidified in a Petri dish for 3-5 min.
In order to bring the pH in the gel to neutral, after
making a two-layer gel, 50 ml of 0.2 M phosphate
buffer, pH 8.5, was poured on the top of the gel.
After 15 min, the chitosan layer of the gel became
cloudy, and the pH of the buffer decreased to 7.5.

Preparation of chitosan-based hydrogels that
contain chondroitin-6-sulfate and agarose. Chon-
droitin-6-sulfate (CS) has a lower molecular mass
comparing to chitosan and it dissolves in water in
10 min. In order to conduct a complexation of the
poly-cation (chitosan) with the poly-anion (chon-
droitin-6-sulfate), a conversion of sodium salt of the
commercial preparation of this anionic polymer to
its free acidic form was performed.

The bi-layer gels of chitosan with agarose and
CS were prepared, as described above.

In addition to CS, hyaluronic acid, or agarose,
the created chitosan-based hydrogels were supple-
mented with the NSE. When doing that, we took
into account poor solubility of this agent in water, as
well as its surface activity. The NSE was dissolved
in water-alcohol (1 : 1) solution. The content of the
created hydrogels was (during synthesis): chitosan—
hyaluronate-NSE — 1 : 1 : 0.5 in the form of gel-film,
chitosan—hyaluronate — 1 : 1 in the form of gel-film,
chitosan-agarose-NSE — 1 : 1 : 0.8 in the form of gel-
film, and chitosan—chondroitin-6-sulphate (1 : 0.7) in
the form of gel-ointment.

The NSE was prepared by the authors of this
study using the condensation of ethanolamine and
stearic acid, as described in the Patent of Ukraine
for Invention [11].

The potentiometric titration was applied for
determination of values of the cationic or anionic
equivalents in alkaline (chitosan) and acidic (chon-
droitin-6-sulfate and hyaluronic acid) biopolymers
(measured with laboratory ion meter, model 1-160
M (RF). A distinct quantity of analyzed substance
was dissolved in 2 ml of distilled water and 0.1 M
hydrochloric acid was added in order to achieve pH
2.0+0.2. The plots were constructed from the ob-
tained data and the value of the reactive equivalents
(acidic or alkaline) was calculated for the analyzed
substance.

Fourier transform infrared spectroscopy (FTIR)
was used to identify organic materials in the created
chitosan-based hydrogels supplemented with chon-
droitin sulfate or hyaluronic acid and NSE. The sam-
ples for FTIR analysis were prepared as films, solu-
tions, hydrogels. Obtained results standardized and
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analyzed by licensed program of device (IRSpirit
Fourier Transform Infrared (FTIR) Spectrophotome-
ter (Shimadzu) with QATR-S Single-Reflection
ATR) [12].

Gas Chromatography-Mass Spectrometry (GC-
MS) was used for measuring the NSE content in the
chitosan-based hydrogels. NSE was extracted, as
previously described [13]. To identify TMS deriva-
tives of the NSE, the Agilent Technologies 7890A
gas chromatograph (USA) with Agilent 8987 mass-
detector and HP-5MS column (30 m x 250 pm x
0.25 um, Germany) were used. The NSE was identi-
fied on the basis of its retention time compared to
appropriate commercially available standard (Sigma-
Aldrich, USA). The results of the analysis were ex-
pressed as pg of NSE per mg of gel. All the experi-
ments were repeated three times.

The water content in gel samples was deter-
mined via weighing the gel before being placed
in a thermostat (37°C) for 24 h, and then weighed
again. The difference was counted as a content of the
evaporated water.

Evaluation of biocompatibility in vitro (colori-
metric MTT-test and Trypan blue exclusion test) of
the components of created chitosan-based hydrogels
towards pseudonormal cells of the epithelial human
tissues and the connective murine tissue was per-
formed, as described by us earlier [14]. Pseudonor-
mal cells of HaCat (human keratinocytes), HEK-293
(human embryonic kidney), and Balb/3T3 (embry-
onic mouse fibroblasts) lines were obtained from
Prof. Walter Berger (Institute for Cancer Research,
Vienna Medical University, Austria) and cells of
MCF-10A line (human mammary gland epithelio-
cytes) were obtained from Prof. Anna Bielawska
(Medical University of Bialystok, Poland). HEK293,
Balb/3T3 and HaCat cells were cultured in high-glu-
cose Dulbecco’s Modified Eagle Medium (DMEM)
(Merck, Burlington, MA, USA) supplemented with
10% (v/v) heat-inactivated fetal bovine serum (FBS,
Merck, Burlington, MA, USA) and 50 pg/ml gen-
tamicin (Merck, Burlington, MA, USA) in a humidi-
fied atmosphere containing 5% CO, at 37°C. MC-
F10A cells were cultured in special medium based
on DMEM/F12 medium (Merck, Burlington, MA,
USA) supplemented with 5% horse blood serum,
1% of non-essential amino acids (NEAA), 20 ng/
ml EGF, 0.5 mg/ml Hydrocortisone, and 10 pg/ml
insulin. Cells were sub-cultured every 72 h at the
rate of 5x10* cells per 1 ml of culture medium. For
morphologic assessment, cells were checked un-
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der an inverted microscope 1B-100 (Delta Optical,
Gdansk, Poland).

Hyaluronic acid and chondroitin-6-sulfate were
dissolved in sterile double distilled water to obtain
10 and 50 mg/ml stock solutions. The NSE was pre-
pared in our lab, as mentioned above, and dissolved
in 96% ethanol to obtain 20 mM stock solutions. Be-
fore addition to cultured cells, stock solutions of the
NSE were dissolved in full culture medium in order
to obtain appropriate concentrations.

For cytotoxicity studies, cells were seeded into
24-well tissue culture plates (Greiner Bio-one, Fric-
kenhausen, Germany) at a concentration of 2x10° per
well and allowed to attach for additional 24 h. Short-
term (24 h) cytotoxic effects were studied under an
Evolution 300 Trino microscope (Delta Optical,
Gdansk, Poland) after cell staining with Trypan blue
dye (0.1%). For evaluation of the anti-proliferative
activity of studied compounds, cells were seeded
into 96-well tissue culture plates (Greiner Bio-one,
Frickenhausen, Germany) at a concentration of 3x10°
per well, and allowed to grow for 24 h. Drugs were
added in another 100 pl culture medium, and cells
were exposed for 72 h. The proportion of viable cells
was determined by the EZ4U assay according to the
manufacturer’s recommendations (EZ4U, Biomedi-
ca, Vienna, Austria) on BioTek ELx800 Absorban-
ce Microplate Reader (Thermo Fisher Scientific,
Waltham, MA, USA) at 450 nm wavelength with
620 nm as reference. Cytotoxicity was expressed
as 1C,, values calculated from full dose-response
curves (drug concentration including 50% reduction
in cell survival comparing to the control cultured in
parallel without drug).

Biodegradability testing. Incubation studies
were carried out in order to determine a behavior of
synthesized materials in selected liquids by checking
the pH. Samples of hydrogels were incubated in
physiological solution (0.9% sodium chloride) or
DMEM supplemented with 10% FBS for a period of
about two weeks. Incubation of cells was conducted
at 37°C, 5% CO, and 100% humidity, and pH value
was measured every two days [15, 16].

Studies of sorption capacity of gels. The chi-
tosan-based hydrogels of known weight were im-
mersed in the DMEM medium supplemented with
10% FBS and kept at 37°C for 1 or 8 h. The swollen
hydrogels were removed and immediately weighed
with a microbalance (Techniweights TBE, Ukraine)
after an excess of water lying on the surfaces was
absorbed with a filter paper. Sorption capacity was

determined as a swelling ratio (Q) calculated using
the equation: Q = (w - w )/w,

where w —weight of hydrogel in a swollen state, w, —
weight of hydrogel before swelling [17].

Statistical analysis of the results was performed
using GraphPad Prisms (GraphPad Software, Inc, La
Jolla, CA, USA) using Tukey’s multiple comparison
test (ordinary one-way ANOVA). The significance
level of differences will be set below 0.05 (P < 0.05).
All experiments were repeated at least 3 times.

Results

Physico-chemical characteristics of chitosan-
based hydrogels. Potentiometric titration. The ionic
bonds play a crucial role in formation of complexes
of the poly-cation, chitosan, with various poly-ani-
ons, such as chondroitin-6-sulfate or hyaluronic acid.
Here, we used potentiometric titration for measuring
the cationic equivalents of intact chitosan and chi-
tosan fragmented during limited hydrolysis in acid
medium. It was found that the cationic equivalent of
chitosan equaled 4.5 + 0.1 mEq/g, the anionic equiv-
alents of chondroitin-6-sulfate equaled 1.5 mEq/g,
and of hyaluronic acid — 3.06 mEq/g, correspon-
dingly (Fig. 1).

At the titration of the commercial preparation
of chondroitin-6-sulfate, the amount of the anionic
equivalents was shown to be 0.86 mEqg/g, while
at the titration of the acidic form of this biopoly-
mer, that indicator doubled its value and reached
1.65 mEq/g. Thus, in order to obtain reproducible
results in preparing complexes of chitosan with other
biologically active components, the interacting in-
gredients should be converted into their acidic forms
before mixing.

Additionally, we calculated the pKa
(pKa = -logl0 Ka of the acid dissociation constant
Ka) values of chitosan, chondroitin-6-sulfate and hy-
aluronate that equaled 6.2, 3.2 and 2.6, correspondin-
gly. The lower pKa value means the stronger acid,
thus, we found that the hyaluronic acid is a stronger
acid comparing to chondroitin-6-sulfate.

After the accomplishment of the 1st stage of
our study (potentiometric titration), various types of
chitosan-based hydrogels, were prepared for further
studies.

FTIR was used for analysis of chemical bonds
in different chitosan-based hydrogels. We detected
an overlapping of FTIR-signals of the components of
gels, in particular, chitosan and NSE, which caused
the broadening of the peaks in the range of 3,600-
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Fig. 1. Potentiometric titration curves of chitosan
(A), chondroitin-6-sulfate (B), and hyaluronic acid
(C). | — Points of dissociation of functional groups.
A — 13.3 mg of chitosan in 2 ml of water was mixed
with 1.0 ml of 0.1 M HCI and after dissolution, it
was titrated with 0.1 M NaOH. B — 50.0 mg of chon-
droitin-6-sulfate in 2 ml of water was mixed with
1.0 ml of 0.1 M HCI and titrated with 0.1 M NaOH.
C — 24.2 mg of sodium hyaluronate was dissolved in
3 ml of water, 1.3 ml of 0.1 M HCI was added. The
solution was titrated with 0.1 N NaOH
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2,800 cm? (Fig. 2). Two separate peaks appeared
at 2,800 cm? that correlates with the presence of
hyaluronate. At the analysis of chitosan-hyaluronate
gel film, the intensity of the peak at 1,600 cm™ de-
creased. In our opinion, that was caused by binding
of the hyaluronic acid to chitosan molecule. After
including NSE in chitosan-based gels, a high peak
appears at 1,640 cm?, which might be a marker of
the presence of the NSE. It may be caused by C=0
bond in the NSE that is lacking in both chitosan and
hyaluronate.

The overlapping of FTIR-signals of gels com-
posed of chitosan and chondroitin-6-sulfate caused
the broadening of the peaks in 3,600-3,200 cm™
range (Fig. 3). Besides, in this case, the peak in
1,400-1,200 cm™ range disappeared. These changes
(Fig. 2 and Fig. 3) may indicate a complexation of
positively charged amino groups of chitosan with
negatively charged sulfate groups of the chondroitin-
6-sulfate that is in accordance with the results of the
potentiometric titration (Fig. 1).

GC-MS was applied to measure NSE content
in the chitosan-based hydrogels. High purity of the
prepared NSE was detected.The obtained results also
demonstrated that the NSE content in chitosan-hya-
luronate gel-films equaled 1.95 mg/g (or 0.062 mg/
cm? of hydrogel).

The water content in the chitosan-based gel
films was calculated to be approximately 6% of the
dry mass of the gel.

Swelling study was conducted in order to de-
fine the sorption capacity of the hydrogels. DMEM,
which has a physiological composition of electro-
lytes, was used as a simulator of fluids of human
body in order to test the ability of hydrogels to ab-
sorb these fluids from tissue microenvironment.
This property is important in the biomedical and
pharmaceutical applications, especially for charac-
terization of materials used in wound dressings. Two
prepared hydrogels were shown to possess relatively
high swelling capability. The weight of hydrogel
Chitosan - hyaluronate was doubled during 1 h in-
cubation period (Q = 2). It should be noted that the
NSE reduced twice the sorption efficiency of that hy-
drogel (Q = 1). However, while the weight of the gel
Chitosan — hyaluronate continued to increase at 8 h
incubation (Q = 2.7), the Chitosan — hyaluronate -
NSE gel did not change its weight in dependence on
the duration of incubation. We assumed that these
swelling peculiarities of gels under study are caused
by the hydrophobic nature of the NSE that could
hinder the absorption of water and other hydrophilic
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Fig. 2. The results of FTIR analysis of components of chitosan-based hydrogels: 1 — chitosan, 2 — sodium

hyaluronate; 3 — NSE

compounds into the gel matrix. The sorption capac-
ity of chitosan-agarose hydrogel that contained the
NSE - Chitosan — Agarose - NSE — was relatively
low (Q =0.5).

Evaluation of biocompatibility in vitro of com-
ponents of the created chitosan-based hydrogels was
performed towards pseudonormal cells of epithelial
and connective tissues of the mammalians. In order
to check the biocompatibility in vitro of components
of the created chitosan-NSE compositions, their im-
pact on the viability (72 h) and survival (24 h) of
human and murine pseudonormal cells of the epi-

thelial and connective tissues was carried out. The
results of the evaluation of short-term and long-term
cytotoxic effects of wide concentration range of the
NSE towards different cell lines are presented in
Fig. 4. One can see that even in a high (80 uM) dose
that is equivalent to ~26 pg/ml, the NSE did not kill
the aforementioned cells either at 24 h, or at 72 h
time points, thus, demonstrating its biocompatibili-
ty towards these pseudonormal cells. The maximum
decrease in cellular viability was less than 25% at
100 uM concentration of the NSE at 24 h treatment
of murine Balb/3T3 cells (see Fig. 4).
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Fig. 2 (continuation). The results of FTIR analysis of components of chitosan-based hydrogels: 4 — chitosan-
hyaluronate gel-film; 5 — chitosan-hyaluronate gel-film containing NSE

At the next stage of our studies, the biocompati-
bility in vitro of the hyaluronic acid (HA) and chon-
droitin-6-sulfate was estimated using the same panel
of cell lines in a wide concentration range (up to
4 mg/ml). Hyaluronic acid was found to be non-toxic
towards HEK?293 and HaCat cells (100% viability
at the highest dose) both at 24 and 72 h incubation
time, while the epithelial cells of MCF-10A line
demonstrated slight decrease in viability (~15%) un-
der treatment with 4 mg/mg dose of the HA (Fig. 4).
Murine embryonic fibroblasts of Balb 3T3 line were
also sensitive to the action of the HA, with average
decrease by 15% in their viability at 4 mg/ml dose.
The same tendencies were observed for chondroitin
sulfate, which did not impact the viability (100%
survival) of human MCF-10A, HaCat, HEK293 cells
at 2 mg/ml dose at 72 h, and only weakly (~15%)
affected a survival of murine Balb/3T3 fibroblasts.

In order to check if the mean of the molecular
weight of chitosan might affect the biocompatibili-
ty of this biopolymer in vitro, three different sam-
ples of chitosan — low molecular weight (150 kDa),
prepared from lobster carapaces (#1), medium
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(500 kDa, #2) and high molecular weight (740 kDa,
#3) were used to treat the pseudonormal cells under
study. We did not detect any significant differences
in the biocompatibility of these chitosan samples to-
wards MCF-10A, HaCat, HEK 293 and Balb/3T3 cell
lines checked at 24 h and 72 h time points (Fig. 5),
thus, pointing out that molecular weight of chitosan
does not affect its bio-compatibility at least in vitro.
Weak toxicity of chitosan was observed only at its
high concentration (250 pg/ml) causing a decrease
in cell viability by 15-25%, depending on the cell
line. There was no significant difference in toxicity
of chitosan samples of different molecular weights at
24 and 72 h time points, thus, excluding the risk of
adverse side effects of application of this biopolymer
in animal studies.

Summarizing the results of the biocompatibili-
ty evaluation in vitro of components of the created
chitosan-based hydrogels, one may conclude that all
these components were non-toxic towards the mam-
malian cells of the epithelial and connective tissues
that take part in the healing of surface wounds.
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Fig. 3. The results of FTIR analysis of components of chitosan-based hydrogels: 1 — Chitosan, 2 — Chondroi-
tin-6-sulfate; 3 — Chitosan - Chondroitin-6-sulfate complex

Biodegradability of chitosan-based hydrogels
was evaluated using two approaches: 1) direct gel
contact with cells; 2) cell-independent degradation
of gels.

Sample Chitosan - hyaluronate (Fig. 6, A, B)
did not cause significant changes in cell morpholo-
gy and only a small number of cells with condensed
nucleus was observed in control (untreated) cells
(Fig. 6, G, H). In the presence of Chitosan — hyalu-
ronate - NSE sample (Fig. 6, C, D), a large number of
cells with condensed chromatin appeared. Besides,
these cells were heavily covered with fragments of

the destroyed hydrogel. The fibroblasts that were
in a direct contact with Chitosan — Agarose - NSE
gel (Fig. 6, E, F), showed a morphology similar to
control (untreated) cells, although the sticking of gel
fragments to these cells was also present.
Cell-independent degradation of gels was
measured as an indicator of stability of hydrogels
in the DMEM/10% FBS via monitoring swelling of
gels in such medium. We found signs of degradation
of samples Chitosan - hyaluronate and Chitosan —
hyaluronate - NSE after 24 h incubation, and a com-
plete dissolution of the gel Chitosan - hyaluronate in
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Fig. 4. Comparison of short-term (24 h) and long-term (72 h) effect of the NSE, hyaluronic acid and chon-
droitin-6-sulfate towards human breast epithelial cells of MCF-10A4 line, human keratinocytes of HaCat line,
human embryonic kidney cells of HEK 293 line, and murine embryonic cells of Balb/313 line. Trypan blue
exclusion assay for counting dead cells was used with 24 h treatment, and MTT assay of cell survival was used
with 72 h treatment. *P < 0.05, ¥**P < 0.01, ***P < 0.001, ****P < (0.0001

that medium was observed on the 4" day of gel incu-
bation. The Chitosan — Agarose - NSE sample that
contained agarose, remained undamaged throughout
the experiment. Changes in the pH of the DME me-
dium were monitored during gel incubation lasting
for 14 days. It was maintaining at about the value of
pH equal of 7.4, however, at the end of the incuba-
tion term, the pH value increased to approximately
7.8 (Fig. 7, A).
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Stability of hydrogels in the physiological so-
lution (0.9% sodium chloride) was detected during
their incubation for up to 14 days. All hydrogels kept
their appearance and shape, and at the end of the in-
cubation, the pH of the medium equaled 6.2 (Fig. 7,
B).

Summarizing the results of the MTT-testing
of the biocompatibility of various components of
chitosan-based gels and the results of studying gel
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degradation at a direct interaction of treated cells
with these gels, we suggest that Chitosan - hyaluro-
nate gel is better comparing to other gels. Besides,
this gel possesses good adsorption capacity and does
not form small fragments during biodegradation that
could affect growing cells.

Discussion

Chitosan is characterized by a biodegradability
(digestion with the lysosomal enzyme in mucosa),
biocompatibility and non-toxicity. Since chitosan de-
composition is not accompanied by an appearance of
any toxins and other adverse effects in human body,
this biopolymer was approved by the FDA (USA)
[18]. The cationic nature of chitosan is important for
its self-structuring around the anionic groups and for
bio-adhesion [19]. It is well seen during formation of
complexes of chitosan with the hyaluronate (Fig. 2).

Chitosan was also proposed for a use as a
wound dressing remedy. The positive electric charge
of chitosan is important for the interaction with the
negatively charged components of plasma membrane
of the red blood cells and the wall of bacteria that re-
duces scar formation in damaged tissue via blocking
fibrin formation [20].

Combining chitosan with alginate having nega-
tively charged carboxylic groups creates a strong
electrostatic force with amino groups of chitosan
that prevents a premature release of the hydrophobic
drug(s) [21, 22]. We suggested an existence of such
a preventing effect at a release of the lipophilic NSE
from the chitosan gels that contain the poly-anions.

The creation of the non-covalent (ionic) com-
plexes of chitosan with chondroitin-6-sulfate or hya-
luronate and various biologically active hydrophilic
components might ensure a faster and easier release
of these components from chitosan’s complexes,
comparing to their release when they are immobi-
lized through the covalent bonds.

Our team has a long term experience in iso-
lation of various forms of chitosan from different
sources, such as crustaceans, honey bees and fungi
[23]. A high molecular weight form (up to 1 million
Da) of chitosan demonstrated strong hemostatic ac-
tivity [24], and chitosan-melanin complex possessed
a potent anti-microbial activity [25].

The hyaluronic acid is a natural polysaccha-
ride that consists of two monomers of glucuronic
acid and N-acetylglucosamine. High viscosity and
elasticity [26], hydrophilicity, biodegradability, and
biocompatibility of the hyaluronic acid provide a
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great potential in its biomedical application, namely
for drug delivery and wound dressings [27, 28]. HA
is found in higher animals’ intercellular space (such
as vitreous humor of the eye and synovial fluid of
articular joints) [29]. Hyaluronic acid penetration
into the cell was prevented by a rapid enzymatic
degradation with the hyaluronidase and metabolic
absorbance [30].

NSE belongs to minor lipids known as N-
acylethanolamines. It possesses the effect of an
endogenous agonist of the cannabinoid receptors.
This and other cannabinoid-like compounds demon-
strated various biological activities. NSE exerted the
membrane-protective, anti-oxidative, hypoglyce-
mic, adaptogenic, and anti-inflammatory action in
various experimental models under several patho-
logical conditions [31-33].

Recently, we have shown that an anti-inflam-
matory effect of the NSE was realized through in-
hibition of NF-kB translocation into the nucleus of
the LPS-activated rat peritoneal macrophages. That
effect was followed by a decrease in content of the
pro-inflammatory cytokine Il-1B and transcription
factor NF-«xB [34].

Recently, we reported that PPARy (peroxisome
proliferator-activated receptor type gamma) was in-
volved in an anti-inflammatory action of NSE. The
treatment of insulin-resistant rats with NSE influen-
ced the expression of the mRNA of PPARYy targeting
genes in their liver, such as SLC27A1 and IL1IRN
[35].

In rats with burn trauma, the application of
NSE on damaged skin led to acceleration of wound
healing and a reduction in content of pro-inflamma-
tory cytokines and in level of glucocorticoids [36].

In the present work, we immobilized the NSE
on a platform of the chitosan-based hydrogels.
We assumed that such a form of the NSE applica-
tion would improve the biological action of this
cannabimimetic. The results of conducted FTIR
analysis suggest an interaction between chemical
groups of chitosan and chemical groups of the ingre-
dients of chitosan-based hydrogels such as chondroi-
tin sulfate, hyaluronic acid, or agarose, and the NSE.
The created chitosan-based hydrogels contained 1.95
mg of the NSE per gram of gel, and in such a con-
centration, the NSE is practically non-toxic for the
mammalian cells in vitro (Fig. 4-5).

The conducted FTIR analysis permitted
detecting a complexation of chitosan molecule that
is rich in amino groups with the poly-anionic mole-
cules, such as hyaluronate or chondroitin-6-sulfate.
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Fig. 6. The results of direct contact assay of tested hydrogels with Balb/3T3 cells showing changes in the mor-
phology of treated cells. Black arrows — hydrogel fragments, white arrows — cells with condensed chromatin.

A, B — Chitosan — hyaluronate; C, D — Chitosan — hyaluronate — NSE; E, F — Chitosan — Agarose — NSE; G,
H — Untreated cells
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Fig. 7. Results of pH measurements in DMEM/10% FBS medium (A) and physiological solution (0.9% sodium

chloride) (B)

While the NSE molecule that possesses lipid-like
properties due to its aliphatic chain creates a new
modality to such complexes whose properties should
be studied additionally.

The developed chitosan-based hydrogels con-
tained approximately 6% of water, however, they
also demonstrated a significant sorption capacity
with the highest swelling capability in chitosan-hya-
luronate hydrogels. An additional functionalization
of the created hydrogels with the lipophilic NSE de-
creased their sorption capacity, probably due to the
hydrophobic properties of the NSE (this phenomenon
needs more precise investigation).

We used various approaches to explore the
biodegradability of the created multifunctional chi-
tosan-based hydrogels, namely, study of their stabili-
ty in saline solution and in a complete cell culture
medium supplemented with 10% fetal calf serum,
as well as a direct interaction of cultured cells with
the hydrogels of different composition. It was found
that most of these gels were destroyed in culture me-
dium supplemented with 10% fetal calf serum, that
means in the conditions close to those available in
vivo. However, these gels were resistant to degrada-
tion in saline solution lacking any additives (Fig. 7,
A). The chitosan hydrogel that contained agarose
instead of the hyaluronate demonstrated resistance
to degradation in both saline solution medium and
culture medium supplemented with 10% fetal calf
serum (Fig. 7, B).

Taking into account the results of experiments
presented in Fig. 7, we suggest that an absence of
pH fluctuations in the medium suggests that the deg-
radation of the chitosan-based gels is not attributed
to their chemical interactions with components of
the micro-environment. It might be speculated that
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the degradation of samples Chitosan - hyaluronate
and Chitosan — hyaluronate - NSE observed in the
DMEM/10% FBS medium is probably linked to the
enzymes and other biological components of blood
serum that caused gel degradation. Since the above-
mentioned medium is similar in its content to body
fluids, one may predict that such a degradation of
created gels would also take place in the organism.
Rapid biodegradation of these gels in a simulated
body fluid (DMEM supplemented with 10% FBS)
without pH fluctuations is in accordance with the
results of study of the biocompatibility of the tested
chitosan-based gels.

We consider that the biodegradability of the
chitosan-based hydrogels is a crucial advantage of
these biomaterials. Besides, the non-ionic type of
immobilization of the bioactive component (NSE)
in these hydrogels facilitates easy release of this
component during wound healing action of the hy-
drogels.

We evaluated the biocompatibility towards
various mammalian pseudonormal cells in vitro of
separate components (chitosan, hyaluronate, chon-
droitin-6-sulfate, and the NSE) present in the created
chitosan-based hydrogels. None of these components
(chitosan was applied in three molecular weight
forms — 150, 500 and 740 kDa) demonstrated a sig-
nificant toxicity for treated cells.

In future, we plan on verifying the activity
of the developed multi-functional chitosan-based
hydrogels in the experiments on wound healing in
laboratory animals. Novel efficient wound healing
remedies are particularly necessary in Ukraine that
faced to the aggression of Russian Federation. Al-
though we used in our work commercially produced
chitosan, chondroitin-6-sulfate and hyaluronic acid,
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we also have in our hands the biotechnologies of
production of these substances that would make our
future investigations cheaper.

Conclusions. New chitosan-based hydrogels
supplemented with chondroitin-6-sulfate, hyalu-
ronic acid, and N-stearoylethanolamine (NSE) were
created. Their physico-chemical characteristics were
studied using the Fourier transform infrared spec-
troscopy (FTIR analysis) and gas chromatography -
mass spectroscopy (GC-MS). It was shown that the
NSE content in chitosan-hyaluronate gel equaled
1.95 mg/g. The biocompatibility of components (chi-
tosan, chondroitin-6-sulfate, hyaluronic acid, and
the NSE) of the created chitosan-based hydrogels in
vitro was confirmed via treatment of pseudonormal
cells of epithelial tissues (MCF10A line of human
mammary gland, HaCat line of human keratino-
cytes, HEK293 line of human embryonic kidney)
and connective tissue (mouse fibroblasts of Balb/3T3
line). The bio-degradability of the created chitosan-
based hydrogels in vitro depended on their composi-
tion and testing conditions. Most of the studied hy-
drogels were stable in saline solution, while in the
presence of a complete culture medium (DMEM)
containing 10% fetal bovine blood serum, these hy-
drogels underwent a degradation in >24 h.

In future, we will explore the created chitosan-
based hydrogels for their anti-inflammatory and
wound-healing effects in laboratory animals with
experimental wounds.
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Omucani  HOBI Tigporeii XiTo3zaHy, J0O-
MOBHEHI  XOHJAPOITHH-O-cynbdarom, abo Tia-
JTYPOHOBOIO KHCJIOTOI0 YH arapo3or, a TaKoX
N-creapoineranonaminom (NSE). Ilpu dbopmysan-
Hi [IUX TeINliB BPaXOBYBalll KaTiOHHI BJIACTHUBOCTI
XiTO3aHy Ta aHIOHHI BIIACTHBOCTI TPHOX 1HIIUX 0i0-
monimepiB. Pesynbratnn FTIR-anamizy cTBOpeHHX
TiIPOTEINiB CBiTYaTh MPO YTBOPEHHS KOMIIO3UIIIN,
AKi MICTHJIM BHIIEBKazaHi Oiomomimepu Ta NSE
(1,95 mr/r a6o 0,062 mr/cm? xiTo3aH-TiaaypoHar-
HOTO Timporento). XiTo3aH Pi3HOT MOIEKYISPHOI
macu (150, 500, 740 x/la), a TakoX XOHAPOITHH-6-
cynbdar (<2 Mr/min) i riarypoHoBa Kuciota (<2 mr/
MJT) HE TPOJIEMOHCTPYBaJIN 3HAYHOT IUTOTOKCHYHOT
i1 in vitro (rectu 3 MTT Ta i3 BUKITIOYEHHS TpUTIa-
HOBOT'O CHHBOT'0) III0/I0 TICEBIOHOPMAIIBHUX KIIITHH
emitenianpauX (MiHiT MCF10A mromcekoi MOI0d-
Hol 3ano3w, yinigs HaCat nronceknx KepaTHHOIH-
TiB 1 ;minis HEK293 kniTuH eMOpioHaTbHOT HUPKHU
JTIOAWHY) 1 croiydHoi (Mutnayi (idpobracTu miHii
Balb/3T3) TkanuH. Menme Hixk 20% iHriOyBanHs
BIDKMBAaHHS KIIITHH cnioctepiramu 3a nii 80 MxM
(26 mr/m) NSE. binporicTs renmiB Oynu cTiiKuMu
710 Jerpajamii y coIbOBOMY PO3YHHI, OJHAK BOHU
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pyHHYBaJIUCS POTITOM >24 TOI KyJbTUBYBAaHHS B
cepenoBuii, mo mictuno 10% emOpioHanbHOI Te-
JISTY01 CUPOBATKHU KpoBi. OOroBOPEHO MEPCIEKTHBH
3aCTOCYBaHHsI CTBOPEHUX T1APOresiiB Ha OCHOBI Xi-
TO3aHY SIK CYIPECOPIB 3aMaJIeHHs Ta CTUMYJISITOPIB
3aro€HHS paH y J1adopaTOpHUX TBAPHH.

XOHPOITHH-0-CyIbdar,

KnwogyoBi cmoBa: rigporem XiTo3aHy,

FiaJ’IypOHOBa KHCJIOTa,

N-cteapoineranonamin, ananiz FTIR, mceBmoHop-
MaJIbHI KJIITHHH JIOJWHH, TOKCHYHICTH, Oiomerpa-
aris.
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