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Abstract

The work presents the results of research on the formation of a hydrogel polymer matrix during the gelatin crosslinking with
a dioxirane derivative of poly(ethylene glycol) and experiments on studying their properties. The crosslinking process of
type A gelatin using poly(ethylene glycol) diglycidyl ether (PEGDE 500) was optimized by changing the gelatin: PEGDE
ratio without using any other factors. The properties of the obtained hydrogels were studied, in particular the gel fraction
amount, the degree of swelling in different media, mechanical properties, pore size, cytotoxicity, the ability to absorb and
release antiseptic drugs, and bactericidal properties of hydrogel samples filled with an antiseptic agent (chlorhexidine). The
crosslinking reaction has been found to be the most efficient at gelatin: PEGDE 500 ratio ranging from 1:3 to 1:5. In this
case, the formation of highly elastic hydrogels with maximum fraction amount and high mechanical properties was observed
(the samples were not destroyed under compression). Moreover, only within this ratio range, the obtained hydrogels retained
their shape when heated to 40 °C. The pore sizes of the swollen hydrogel clearly depend on the crosslinker content. The high
values of the degree of swelling in the exudate-simulating fluid in combination with mechanical strength allow the develop-
ment of wound dressings based on hydrogels of the developed composition. Crosslinking of gelatin with PEGDE 500 allows
to obtain gelatin-based hydrogels in a controlled manner which does not require subsequent purification steps. The resulting
material does not exhibit cytotoxicity during in vitro studies on living cells. The hydrogel filled with an antiseptic drug is
capable of releasing it by 50% within the first day into the medium of saline and exudate-simulating fluid. The antimicrobial
properties of the hydrogel containing chlorhexidine are confirmed by the effective inhibition of the growth of Escherichia
coli and Staphylococcus aureus bacteria.
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Introduction

Wound healing is a complex process that is not fully
understood and can often be accompanied by a number
of complications that prolong treatment time (Koehler
et al. 2018). Wound infection is particularly negative, as
it causes increased inflammation and leads to prolonged
and incomplete healing. To overcome and prevent these
processes, antibacterial wound dressings are used to treat
wounds. There is a wide variety of problems associated
with the use of traditional forms of dressings, which for
various reasons are not capable of long-term controlled
release of antibacterial drugs. Therefore, new multi-
functional materials are being developed to create new
types of antibacterial dressings for wound treatment, in
particular, based on polymer hydrogels (Bal-Oztiirk et al.
2020; Gul et al. 2021; Li et al. 2020; Catoira et al. 2019).
Hydrogels have properties that mimic living body tissues
(Lee and Kim 2018; Suberlyak et al. 2020a, b), and also
have other attractive and unique physicochemical proper-
ties that make them suitable for biomedical applications,
in particular for use in tissue engineering (Masood et al.
2022; Prelipcean et al. 2022), for the development of
drugs delivery system, and for the production of modern
dressings (Jacob et al. 2021; Qi et al. 2022). According to
these applications, hydrogels must be biocompatible and
preferably biodegradable (Demirci et al. 2022), which is
achieved using natural polymers for their synthesis, such
as collagen, gelatin, fibrinogen, alginate, etc. (Zagorska-
Dziok and Sobczak 2020; Bukartyk et al. 2022; Dron et al.
2022; Montalbano et al. 2018).

Hydrogel-based dressings are able to implement the
concept of effective wet wound healing and can combine
a number of properties, such as absorption of wound exu-
date, creation of a barrier that protects the wound from
infection, and prolonged release of a wide range of thera-
peutic drugs. Despite the recognized advantages, the use
of hydrogels as therapeutic dressings has certain limita-
tions due to a number of problems identified during their
use. These include low mechanical properties, which dete-
riorate significantly when the dressing swells (prolonged
use) and limited ability to absorb specific wound fluids
(exudates, transudates, etc.) (Suberlyak et al. 2020a, b,
Maikovych et al. 2021; Manon et al. 2022).

This research aims to create gelatin-based antibacterial
hydrogel treatment dressings using dioxirane derivative
poly(ethylene glycol) as a crosslinking agent. The dress-
ings should have satisfied mechanical properties and high
capacity to absorb wound secretion.

Natural polymers are very commonly used to create
modern materials for pharmaceuticals and medicine, as
they are usually derived from living organisms or plants.
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Natural polymers are non-toxic, biocompatible, and do not
cause inflammatory reactions in the body. In particular,
gelatin (a protein obtained by collagen hydrolysis) is an
attractive object for the preparation of hydrogels used in
biomedical applications, since it contains a large number
of functional groups, making it easy to be crosslinked.
There are a number of reports on crosslinked gelatin
hydrogels for use in biomedical applications (Kang and
Park 2021; Mushtaq et al. 2022; Bovone et al. 2021).

Chemical and physical crosslinking are used to form gel-
atin-based hydrogels. To date, chemical crosslinking is the
most common method of gelatin conversion into irreversible
and stable gels. Covalent crosslinking of gelatin involves the
introduction of functional chemicals into the gelatin network
structure, usually by linking free amino groups of lysine or
unlinked carboxylic acid groups of glutamic and aspartic
acids. Aldehydes (including formaldehyde, glyceraldehyde,
and glutaraldehyde (GTA)), isocyanates, polypropoxides,
and natural compounds such as genipin, have all been used
as crosslinking agents for this type of interaction (Dash et
al. 2013; Thakur et al. 2017).

However, the crosslinking agents are mostly toxic chemi-
cals and require the use of accompanying substances such as
catalysts, initiators, pH regulators, the presence of which is
a problem for in vivo applications. This requires thorough
purification and significantly lengthens and increases the
cost of hydrogel production.

Thus, hydrogels that can be produced without the use of
potentially toxic additives and do not require purification
steps are of interest today.

Experimental part
Materials

Gelatin (type A) isolated from pork skin was purchased from
Aldrich and used without additional purification. The mois-
ture content is 9.2%, an isoelectric point is ~ 8 and a Bloom
strength is 180.

Poly(ethylene glycol) diglycidyl ether (PEGDE 500) with
molar mass of 500 g/mol was purchased from Sigma-Aldrich
and used without additional purification.

Chlorhexidine bigluconate (20% solution in water) man-
ufactured by Sigma-Aldrich (catalog number C9394) was
used without additional purification.

Exudate-simulating fluid with pH=7.4-7.5 was pre-
pared in accordance with the following procedure: 0.222 g
of CaCl,, 2.3376 g of NaCl, 0.968 g of TPIC (2-amino-
2-hydroxymethyl-propane-1,3-diol) and 2 g of albumin 5%
aqueous solution (BSA) were loaded into a 100 ml flask
and brought up to the mark with water. When stored in a
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refrigerator at 2—4 °C, the resulting solution is suitable for
7 days C (Rezvanian et al. 2017).

Saline is a 0.9% aqueous solution of sodium chloride
produced by Aldrich, which was used without additional
purification.

Methods of synthesis
Synthesis of gelatin hydrogels

To synthesize the hydrogel, we used gelatin of type A,
PEGDE 500 as a crosslinking agent, and distilled water.
An aqueous solution of gelatin with a concentration of
20.0% was prepared by stirring in a water bath at 40 °C
for 30 min. PEGDE 500, gelatin solution, and water were
weighed into pre-prepared containers, the percentage load
is shown in Table 1, the total polymer content in each
hydrogel sample was 18.0%, and the remaining 82.0% was
distilled water. The composition was homogenized, the
containers were sealed and heated at 80 °C for 4 h.

Synthesis of gelatin hydrogels with chlorhexidine

To study the chlorhexidine release and antiseptic prop-
erties of the hydrogels, the samples were synthesized
similarly to the method described above (Sample No. 6,
Table 1) by adding chlorhexidine bigluconate solution
to the mixture at the synthesis stage to replace the cor-
responding proportion of distilled water. The percentage
loading is shown in Table 2.

Table 1 The ratio of polymers (gelatin, PEGDE 500) for the synthe-
sis of gelatin hydrogels

Sample no Weight ratios PEGDE Gelatin
- content, % content, %
PEGDE Gelatin
1 1 0.8 10.00 8.00
2 1 1 9.00 9.00
3 1 2 6.00 12.00
4 1 3 4.50 13.50
5 1 4 3.60 14.40
6 1 5 3.00 15.00
7 1 6 2.57 15.43
8 1 7 2.25 15.75
9 1 8 2.00 16.00
10 1 10 1.64 16.36
11 1 15 1.13 16.87
12 1 25 0.69 17.31
13 0 1 0.00 18.00

Table 2 Samples of gelatin hydrogels with different contents of chlo-
rhexidine

Sample no Weight ratios PEGDE Gelatin Chlo-
m content, % content, % rhexidine
content, %
14 1 5 3.00 15.00 0.10
15 0.25
16 1.00
17 0.00

Methods of analysis
Gel fraction

The gel fraction was determined by extraction of the soluble
component from the samples. The samples (~2.5 g) were
weighed with an accuracy of 0.0001 g to determine the ini-
tial mass of polymers (W,) in the hydrogel: W, =W _x 18/
100, where W, is the initial weight of the sample, 18 is the
polymer content in the hydrogel (%). The extraction was car-
ried out in distilled water at 50 °C for 24 h with the water:
hydrogel ratio of 100:1, w/w. The water was changed three
times. The resulting insoluble fraction was dried to a con-
stant weight in an oven at 100 °C. The gel fraction (G, %)
was determined by the equation: G,=W,/W, x 100%, where
W is the initial mass of polymers, W, is the mass of poly-
mers after extraction.

Fourier-Transform infrared spectroscopy (FTIR)

Fourier-Transform Infrared Spectroscopy analysis was
recorded at a FTIR Vertex 70 V (Bruker, USA) spectrom-
eter with the use of the Attenuated Total Reflectance (ATR)
technique. The ATR instrument is equipped with a diamond
crystal. The absorption bands were recorded in the range of
400-4000 cm™! with 256 scans and a resolution of 2 cm™!.

Mechanical properties

Determination of mechanical properties was performed
using a stepwise uniaxial compressive load with a step of
500 pm at a contact area of 0.95 cm? with the registration of
the force. To determine the mechanical properties, standard-
ized samples of hydrogels with a diameter of 11 mm and a
height of ~5.5 mm were used (Bukartyk et al. 2022; Nosova
et al. 2016).

Rheology

The rheological measurements have been done on a TA
Instrument rheometer (ARES G2) with a 20 mm parallel
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plate (Peltier plate Aluminum AR2000 SN 983940). Meas-
urements have been done with a deformation rate belonging
to the linear domain and with frequency varied from 10> Hz
to 10" Hz. All measurements have been done at 20 °C.

Scanning electron microscopy (SEM)

The scanning electron microscope used is a JEOL, JSM 6510
LV instrument. The samples were frozen with liquid nitro-
gen, lyophilized (the materials were lyophilized in a Christ
freeze-dryer alpha 2-4 LSC at—85 °C and 0.37 mbar),
sectioned to visualize the hydrogel morphology, and were
covered by a golden film before examination. Images of the
hydrogel were analyzed using ImageJ software (National
Institutes of Health (NIH) and the Laboratory for Optical
and Computational Instrumentation (LOCI), University of
Wisconsin, USA).

Swelling ability

Liquid absorption capacity of hydrogel samples (S,) was
measured by the conventional gravimetric method in dis-
tilled water, saline and model exudate. pH of liquids was 6.5,
7.0, and 7.5, respectively. The samples of 1 cm in diameter
and 0.5 cm in height were weighed, and placed in 50 mL of
distilled water/saline/exudate at 20 °C and 37 °C.

After an appropriate incubation time (1, 2, 4, 8, 12,
24 h), the excess of water/saline/exudate was removed,
weighed, and placed in 50 mL of distilled water/saline/exu-
date at 20 °C and 37 °C. The liquid content of the scaffolds
was determined as the ratio of the swollen sample weight
(Wy,— W) to the weight (W) of the dry polymers. Each
value was averaged over three parallel measurements. Swell-
ing ability was calculated in accordance with the following
equation: S, =(Wy,— Wp)/Wp, where Wy, and W, are the
weight of the swollen sample and dry polymers, respectively.

Cytotoxicity

Hydrogel cytotoxicity was examined through cultivation of
bull sperms in direct contact with hydrogel samples. The
separated surveys of crosslinking agent (PEGDE 500) cyto-
toxicity were conducted, which is used to receive hydrogels.
For research, bull sperm samples were selected, which have
the following physiological characteristics:

e Volume — 3 to 4 ml;
e Sperm concentration — 0.6 to 1.1 x 109 cells/ml;
e Number of alive germ cells — 80 to 85%.

Sperm samples were divided into pieces: control-dis-
solved phosphate-salt buffer (hereinafter — FSB) includ-
ing NaCl—0.8 g, KC1—0.02 g, Na,HPO,—O0.11 g,
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KH,PO,—0.02 g, MgCl,—0.01 g, distilled water—up to
100 ml) and experimental (Stetsyshyn et al. 2020; Racz-
kowska et al. 2017). In the experimental samples, the
chopped hydrogel was added by doses: 10, 20, and 50 mg
per 1 mg of dissolved bull sperm sample (Bukartyk et al.
2022).

Sorption and release of chlorhexidine bigluconate

Product release from the hydrogel sample (diameter ~ 1 cm,
height~0.7 cm, weight~0.7 g) was conducted in the medium
of water, saline, exudate, and octanol. The product-enriched
samples were placed into a container in which the appropri-
ate medium was added (water/saline/exudate/octanol) fol-
lowing the bath index 30. At specified time intervals, the
solutions were medium sized by shaking and a 0.4 g sample
(m,) was taken. The sample was dissolved approximately
10 times with distilled water and methanol for samples with
octanol and the solution optical density (D) was measured
using spectrophotometer ULAB 102UV. The measurements
were conducted at the wavelength 1 =257 nm (for methanol-
dissolved samples) and 1 =253 nm (for water-dissolved sam-
ples). The quantitative assessment of the product content in
the solution was conducted using the appropriate calibra-
tion addiction C=(D+ 0.0029)/338.38 for chlorhexidine
in methanol and C= (D + 0.0007)/300.3 for chlorhexidine
in water. The release degree (R,;) was determined by the
formula:

_ M g5 x C X e
d moXm,
where m, is the weight of diluted sample solution;
C is the concentration of diluted sample solution;
my is the weight of starting solution;
my is the weight of sample;
my, is the weight of chlorhexidine in the hydrogel sample.

Bactericidal properties

Bactericidal properties were studied using the disc-diffusion
method (diffusion in agar gel). Gelatin hydrogel discs (diam-
eter 5 mm and height 1-2 mm) with 0.1, 0.25, and 1.0%
chlorhexidine bigluconate (introduced at the synthesis stage)
and two test strains of microorganisms (gram-positive Staph-
ylococcus aureus ATCC 26923 and gram-negative Escheri-
chia coli ATCC 25922) were used for microbiological tests.
In the work, nutrient media of the following composition
were used: (1) for cultivation—1% meat peptone agar (MPA)
with 4% glucose; (2) for preparing to inoculate—4% glucose
with 1% meat peptone broth (nutrient broth Pharmreaktiv).
The microbial load was 107 microbial cells per 1 ml of
medium.
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Statistical analysis

Experiments were performed in triplicate and mean + SD
was reported. Mean values were compared using independ-
ent samples Student’s ¢ test. P values of less than 0.05 were
considered to be statistically significant.

Results and discussion

We have proposed a method for obtaining a gelatin hydrogel
using water-soluble poly(ethylene glycol) diglycidyl ether as
a crosslinker (the scheme is shown in Fig. 1). This method
has several advantages:

— hydrogels are formed in a single step without controlling
the hydrogen index;

— no stage of purification from the unreacted crosslinking
agent is required;

— it 1is also possible to control the degree of crosslinking,
swelling, mechanical characteristics, and morphology by
varying only the content of the crosslinking agent in the
initial composition.

The hydrogels were synthesized using poly(ethylene
glycol) diglycidyl ether (PEGDE 500). The choice of this
particular crosslinking agent is based on the results of
primary model syntheses of gelatin hydrogels performed
using several agents of this type that differed in molecu-
lar weight: PEGDE 300, PEGDE 500, PEGDE 700, and
PEGDE 1100 (the experimental results are given in the sup-
plementary information). It is shown that using PEGDE 300
and PEGDE 1100 as crosslinking agents, hydrogels with
low mechanical properties and gel fraction of 25-30% and
5-10%, respectively, are obtained. Moreover, these samples
are destroyed after 9 h of exposure to water. The gelatin
hydrogels obtained using PEGDE 500 and PEGDE 700 have
properties that are practically the same, so poly(ethylene
glycol) diglycidyl ether (PEGDE 500) was chosen for further
research due to its commercial availability.

The syntheses were performed at pH of the reaction
mixture ranged from 5.5 to 6.0. Under these conditions, the

NH2

T=80°C,

o t—4h

NH2

Gelatin Poly(ethylene glycol) diglycidyl ether

hydroxyl and carboxyl groups of gelatin most likely do not
react, and crosslinking occurs through the interaction of the
crosslinker with the amino group of lysine. Water-soluble
epoxy compounds are quite unstable to hydrolysis at pH val-
ues other than neutral ones, so attempts to conduct synthesis
under other conditions, in this case, were unsuccessful.

According to the procedure described in the experimen-
tal section, the hydrogel samples were obtained at different
ratios of the crosslinking agent to gelatin (in the range from
1:0.8 to 1:25) and their properties were studied.

The determination of the gel fraction for hydrogels of
different compositions indicates that under certain synthe-
sis conditions and ratios in the range of 1:2—1:6, the maxi-
mum number of crosslinks is realized with the formation of
heat-resistant and water-swollen samples. Unlike the non-
closslinked gelatin the synthesized hydrogels do not dissolve
in water (Fig. 2).

Thus, the above-mentioned synthesis conditions were
chosen for further research, because they ensured the maxi-
mum involvement of reagents in the three-dimensional poly-
mer network.

ATR FTIR spectroscopy (Fig. 3) confirmed the pres-
ence of both crosslinker and gelatin fragments in a polymer
network. For the product, which is a gel fraction from a
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Fig.2 Gel-fraction values of hydrogel samples obtained at PEGDE
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Fig. 1 Scheme of gelatin crosslinking with poly(ethylene glycol) diglycidyl ether (PEGDE 500)
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Fig.3 ATR FTIR spectra of PEGDE 500 (1), gelatin (2) and gel frac-
tion (3) of the product isolated after gelatin crosslinking

hydrogel obtained at PEGDE 500: gelatin ratio of 1:2 (sam-
ple 3, Table 1), after removing all water-soluble compo-
nents, the absorption bands belonging to both components
of the hydrogel are clearly observed. Absorption band at
1095 cm™! refers to C—O—C group vibrations of PEGDE (it is
absent in the gelatin spectrum). Moreover, the increase in the
intensity of absorption bands at 2907 cm™! and 2953 cm™!,
which are related to stretching vibrations of > CH, groups of
this PEGDE fragment is well observed. Bands at 1637 cm™,
which are typical of stretching vibrations of carbonyl (C=0)
group of gelatin amide group (Amide I), deformation vibra-
tions of N—H group at 1542 cm™! (Amide II) and stretching
vibrations of C-N group at 1248 cm™! (Amide III) remained
present in the spectrum with a slightly modified ratio of
functional groups compared to the starting gelatin.

Several authors confirmed that hydrogel mechanical
strength has a significant impact on cell behavior, in par-
ticular, their proliferation, cell morphology, and creation
of new tissues (Hadjipanayi et al. 2009; Branco da Cunha
et al. 2014; Karamichos et al. 2007; El-Mohri et al. 2017).
Hydrogel of non-crosslinked gelatin has a relatively low
melting temperature resulting in the formation of thermo-
reversible hydrogels that lose their shape stability at tem-
peratures close to the human body temperature (Van Den
Bulcke et al. 2000).

To improve the physical and mechanical properties of
gelatin-based hydrogels, targeted modification, crosslinking,
and/or filling with reinforcing elements are used, as well as
using it only as an additive in multicomponent materials
(Maikovych et al. 2021; Samaryk et al. 2017; Grytsenko
et al. 2021).

It was found in the previous research that 4 h at 80 °C
is sufficient for the crosslinking processes in the selected
system to be completed (the properties of gelatin-based
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Fig.4 Maximum values of single-axis compression for hydrogel sam-
ples with different ratios of PEGDE: gelatin (wt., %)

hydrogels no longer change significantly) and are deter-
mined by the ratio of the reactive components. The study
of the mechanical properties of the hydrogel samples at
a temperature of 20 °C (Fig. 4) showed that the maxi-
mum force at uniaxial loading of the samples is achieved
at PEGDE 500:gelatin ratio of 1:5 (sample 6, Table 1).
At the same time, high values are also demonstrated by
the samples obtained at 1:2 and 1:3 ratios (samples 3
and 4, respectively, Table 1). It is worth noting here that
the hydrogel synthesized under these conditions is very
elastic and is not destructed during such tests. After the
applied force is removed, hydrogel restores its shape. The
samples obtained at higher ratios, the same as hydrogel
of pure gelatin, have lower mechanical strength, are not
elastic, and are destroyed during the tests. The same fig-
ure shows the test results at 37 °C. For the samples of
crosslinked PEGDE 500, the dependence of mechanical
properties on temperature is observed. At the same time,
the samples obtained at 1:6 and higher ratios completely
lose their mechanical strength, as well as the hydrogel of
non-crosslinked gelatin. Increasing the crosslinker content
beyond the range of 1:2—1:5 obviously significantly unbal-
ances the ratio of reactive groups, which leads to a smaller
number of effective bonds that form the polymer matrix of
the hydrogel and also leads to a loss of strength.

At body temperature, although the obtained hydrogels
do not lose their shape stability, their elasticity decreases
significantly, and, accordingly, the forces required for their
deformation decrease by 5.5-17 times, depending on the
crosslinker content. In this case, an inverse relation occurs.
Thus, within the range of ratios from 1:2 to 1:5, both at room
and elevated temperatures, the highest mechanical properties
and the maximum values of gel fraction are observed for the
hydrogel with the lowest crosslinker content.
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Dynamic mechanical analysis performed on hydrogel
plate provides quantitative information about the viscoelas-
tic and rheological properties of the material by measuring
the mechanical response of the specimens during periodic
deformation. The elastic (real or cumulative) modulus G'
and the viscous (apparent or loss) modulus G” are pre-
sented. In the figure, G’ and G” are plotted as a function of
radial frequency, a graph known as a “mechanical spectrum”
(Fig. 5). The data obtained for the gelatin—-PEGDE 500 sys-
tems are characterized by the storage modulus G’, which
demonstrates a pronounced plateau in the frequency range
studied, and the loss modulus G”, the values of which are
much lower. The obtained mechanical spectra of gelatin-
based hydrogels are characteristic of a well-developed elastic
polymer network.

At the same time, as can be seen from the data obtained
in the range of optimal ratios (1:3—1:5), the values of the G’
and G” modules depend inversely on the crosslinker amount
in the initial composition: an increase in the amount of the
crosslinking agent leads to a decrease in both the cumulative
G' and loss modulus G'. It should be noted here that the for-
mation of a gelatin-based hydrogel primarily involves physi-
cal intermolecular interaction and, as a result, the formation
of spiral configurations similar to those of collagen (Scott
2002). However, in the hydrogel formed from gelatin and
PEGDE 500, two different types of interaction are assumed:
one is the formation of covalent crosslinks between gelatin
and crosslinker, and the other is the formation of physical
crosslinks between the chains of gelatin macromolecules.
Changing the amount of crosslinking agent affects both pro-
cesses. It should also be taken into account that for the same
ratios, the obtained values of gel fraction (Fig. 2) are high
and quite close, which indicates a sufficiently well-devel-
oped polymer network at all three ratios.

Storage modulus G*

-1 10000

41000 &
Loss modulus G*
] «—4¢—<4—4¢—<—<« 1
2y v—v—v—v—v—v—V "
3 06— —0 0 o o o —0 ° 5100
T T
0,1 1 10

Angular freguency, rad/s

Fig.5 The storage and lost modulus of hydrogels at different frequen-
cies 1,1'—sample 3 (1:2); 2,2'—sample 4 (1:3); 3,3'—sample 6 (1:5)

Based on these facts, it can be concluded that an
increase in the proportion of the crosslinking agent in the
initial mixture correspondingly reduces the proportion of
gelatin (Table 1), which reduces the possibility of physi-
cal interactions between gelatin macromolecules involved
in the formation of a hydrogel of the 2nd kind. On the
other hand, a hydrophilic crosslinker of non-zero length
in this system simultaneously performs the function of a
plasticizer (Campiglio et al. 2019). Due to the fact that
crosslinks are formed by flexible hydrophilic polyoxyeth-
ylene fragments, the use of such a crosslinker-plasticizer
to some extent neutralizes (masks) the effects of increasing
the crosslink density with an increase in its proportion in
the initial mixture because of the intermolecular plastici-
zation effects.

Thus, at the optimal ratio of reactive groups in the ini-
tial mixture, the maximum number of transverse intermo-
lecular bonds is realized during the formation of a hydrogel.
Beyond this range, stable hydrogels with improved mechani-
cal properties are not formed. This can be explained either
by an insufficient amount of crosslinker, at ratios higher
than 1:5 (i.e., an insufficient number of crosslinks in the
formed spatial network of the hydrogel) or by an excessive
amount of crosslinker, when intermolecular interaction is
impossible due to steric effects. In the case of ratios less
than 1:3, it is obvious that the formation of gelatin comb-
like macromolecules with side substituents from crosslinker
molecules, which interacted by one epoxy group with all
available amino groups, is the predominant process, thereby
excluding the possible formation of crosslinks and three-
dimensional structures (Vargas et al.2008). Gelatin usually
contains a large number of functional groups of different
natures capable of interacting with epoxides under certain
conditions. However, according to this synthesis procedure,
the formation of covalent bonds can be predicted only for
amino groups. If other groups participate under these con-
ditions (pH =15.5-6), their amounts are very insignificant.

Usually, the increase in the strength of polymeric hydro-
gels assumes the increase in the number of crosslinks in their
structural framework, but this often leads to a significant
deterioration of other characteristics (reduction of the rate
and equilibrium degree of swelling, rate and completeness
of drug sorption and desorption). Therefore, we performed
comprehensive studies to determine the change in the swell-
ing degree of hydrogels depending on the crosslinker amount
during the synthesis. Since it is assumed that gelatin-based
hydrogels will be suitable for use as wound care products, it
is important to know about their ability to swell in saline, as
well as to absorb exudate.

Table 3 summarizes the results of swelling studies in dif-
ferent fluids at two temperatures and represents SEM images
(500 x magnification) of the hydrogel microstructures at dif-
ferent swelling degrees.
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Table3 SEM images of the structure of crosslinked gelatin hydrogels and swelling properties of hydrogels obtained at different ratios of
crosslinker and gelatin in water, saline, and exudate-simulating fluid at 20 °C and 37 °C

Sample no. ~ Sample of hydrogel from synthesis SEM image of gelatin hydrogel with Pore size (pm) Swelling degree 20 °C/37 °C, g /g
in accord- under initial swelling maximum swelling in water (100 h) polymer
ance with -
Table 1 Water Saline Exudate
13 (non- 25+10 11.0+2.2*% 88+1.5/* 8.6+1.5*
crosslinked
gelatin,
0:1)
3(1:2) 15+7 16.4+25/ 11.5+1.8/ 9.6+19/
443+33 184+24 13.0+2.2
4(1:3) 12+5 13.7+2.1/ 105+1.6/ 9.1+1.2/
39.1+3.0 17.5+28 12.4+2.0
6 (1:5) 7+3 11.0+1.8/ 88+09/ 87+0.8/
327+24 142+1.6 13.0+2.0

#Non-crosslinked gelatin at temperature 37 °C is melted and dissolved

The hydrogel sample obtained at 1:5 ratio (sample 6,
Table 1) in the state of maximum swelling is characterized
by the smallest regular pores, which is symbiotic with the
maximum value of the compressive strength and the highest
value of the storage modulus G'. At the same time, in the
range of ratios under study, this hydrogel sample has the
lowest swelling values in different fluids. Moreover, the dif-
ference in this parameter for water, saline, and exudate is the
smallest compared to other samples and indicates the maxi-
mum realized structuring potential (Table 3). The pore sizes
in the samples obtained at 1:3 and 1:2 ratios (samples 4 and
3, respectively, Table 1) are significantly larger—12 pm and
15 pm, but the regularities of swelling in different fluids are

Jielase cllall aly .
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the same. The maximum degree of swelling is observed for
the hydrogel obtained with the highest content of crosslink-
ing agent—1:2 (in the studied range).

Thus, the gelatin-based hydrogel dressing made by the
proposed method is capable of absorbing up to 45 g/dm? of
wound secretions, which is quite sufficient for the care of
medium- and low-exuding wounds.

Cytotoxic studies
The gelatin-based hydrogels obtained in this work will be

used for wound treatment, and it is known that the main
requirements for materials that are supposed to have direct
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contact with the tissues of living organisms are their non-
toxicity and biological compatibility. Therefore, the primary
task is to predict and experimentally evaluate their impact
on the body and its components. One of the ways is to deter-
mine hydrogel effect on the metabolic processes of living
cells and their viability in vitro.

The cytotoxicity was evaluated for both crosslinked gela-
tin and the crosslinking agent PEGDE 500 according to the
procedure described in the experimental part. The experi-
mental results are shown in Table 4.

The results indicate that the crosslinking agent and the
hydrogels obtained with its use have no toxic effect; cell
survival is at the level of the control test and practically does
not depend on the sample amount.

The biocompatibility of the obtained hydrogels is ensured
by the use of a natural polymer, in particular gelatin, which
is a protein polymer. It is a biocompatible and biodegrad-
able polymer that can be a source of amino acids or short
peptides, due to which the formation of new connective tis-
sue occurs in the regeneration processes of damaged living
tissues (Catoira et al. 2019).

Study of bactericidal properties

Despite all the positive aspects of using hydrogels in wound
healing, it is often necessary to introduce drugs into their
composition. For hydrogel dressings intended for the care of
difficult-to-heal wounds, it is important to introduce drugs
that can inhibit the development of pathological bacteria.
One of the most common drugs of this class is chlorhex-
idine bigluconate. Chlorhexidine is active against vegetative
forms of gram-negative and gram-positive bacteria, as well
as yeasts, dermatophytes, and lipophilic viruses. It is used
for treatment and prevention of wound infections in surgery,

traumatology, combustiology, and dentistry (Karpinski and
Szkaradkiewicz 2015; Hao et al. 2022). The preparation
of hydrogel samples with chlorhexidine and the study of
release processes were carried out according to the methods
described in the experimental part.

All the obtained dependences of chlorhexidine release
from the tested hydrogel samples show its gradual release.
For example, Fig. 6 shows the curves of chlorhexidine
release from the hydrogel sample (sample 16, Table 2) into
the simulated exudate as a function of time. The obtained
results suggest that the release curve consists of two clearly
defined areas. In the first interval, which lasts 11-13 h, there
is a rapid release of 16-18% of the amount of the drug intro-
duced into the hydrogel, and during the next 80 h, there is
a diffusion-controlled directly proportional release of up to

Release of chlorhexidine, %

1
0 20 40 60 80 100
Time, h

Fig.6 Release of chlorhexidine into exudate

Table 4 Sperm survival under

c > Number Sample code Sample amount, Survival, n=4
direct contact with .hy(.irogel mg/ml
samples and crosslinking agent
1 > 0.162
Structuring agent PEGDE 500 50 165.0+8.87
20 165.0+8.87
10 168.0+8.49
2 7 0.364
Gelatin-based hydrogel (sample 6 Table 1) 50 150.0+5.20
20 146.0+9.95
10 148.0+£9.95
3 > 0.042
Gelatin-based hydrogel (sample 2 Table 1) 50 144.0+8.49
20 150.0+£5.20
10 150.0+£5.20
4 Control 150.0+5.20
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80 - diameter of 5 mm and a thickness of 2 mm cut from gelatin

70_‘ T hydrogels containing different amounts of the bactericidal

X | l drug—chlorhexidine (Table 2). The samples were placed

g 60 in a medium contaminated with Escherichia coli ATCC

:':; 50_‘ Il 25922 (E. coli) and Staphylococcus aureus ATCC 23923

g | 1 (S. aureus). The radius of microbial growth inhibition was
T:S 40 measured.

2 1 The results of the study showed that chlorhexidine,

It 30__ which is present in the samples of gelatin hydrogels, when

% 20 I released, inhibits the growth of E. coli and S. aureus bacteria
~ 10_‘ I (Table 5).

| Depending on the antiseptic content and the bacteria type

0 . ; . . . y of, the radius of growth inhibition varies from 10 to 12.5 mm

Water Saline Octanol Exudate for S. aureus, and from 15 to 17.5 mm for E. coli.
Type of medium Moreover, with an increase in the chlorhexidine content

Fig. 7 Release of chlorhexidine into different media after 5 h at 37 °C

32-37% of chlorhexidine. It is clear that these are the pri-
mary evaluation results, which in the practical use of hydro-
gels will depend on many factors: temperature, presence or
absence of skin damage, type of wound and stage of healing,
exudate composition, etc.

A number of experiments were conducted to study
the release of chlorhexidine from the composition of the
obtained hydrogels into the medium of octanol, saline, and
simulated exudate. The study of release into octanol simu-
lates the release into problem areas without skin damage,
i.e., into wounds without exudation (bedsores, hematomas,
etc.). The release into saline and model exudate demon-
strates the possibility of drug release into exuding wounds
with different exudate compositions (Wiegand et al. 2015).

Figure 7 shows the data on the chlorhexidine release into
different media after 5 h at 37 °C. The studies confirm the
release of the antiseptic drug from the plate while maintain-
ing its initial parameters (degree of absorption by water and
exudate, as well as mechanical properties). The obtained
hydrogels with chlorhexidine have a high potential for use in
wound treatment and are expected to be suitable for the suc-
cessful treatment of a wide range of infections that accom-
pany poorly healing wounds.

To test the bactericidal properties of the obtained hydro-
gel plates, we conducted studies using samples with a

Pielase clla)l auan .
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in gelatin hydrogel, the duration of the bactericidal effect of
the sample increases, i.e., a prolonged release of chlorhex-
idine from the hydrogel matrix is ensured. The maximum
zone of inhibition of microbial growth for all doses of the
antiseptic is observed on the 2nd-3rd days. For a sample
with an active ingredient content of 1%, an effective growth
inhibition lasts for 7 days.

Conclusions

Hydrogel materials were obtained using gelatin and PEGDE
500. The preparation conditions were established and the
optimal ratio of biopolymer and crosslinking agent in the
hydrogel matrix was determined to obtain maximum strength
values while maintaining the ability to swell in water, saline,
and exudate. The in vitro cytotoxicity assay showed that the
obtained hydrogels do not affect the metabolic processes
of living cells and their viability. The possibility of obtain-
ing hydrogels with the introduction of chlorhexidine at the
stage of their synthesis was shown and data on its release
into different media were obtained. The antibacterial proper-
ties of the obtained hydrogels were confirmed on cultures
of S. aureus and E. coli bacteria, and effective inhibition of
microbial growth was observed for 7 days.

The results suggest that the obtained material can be the
basis of a specialized hydrogel dressing for the treatment of
chronic and infected wounds.
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Table 5 Dependence of the inhibition zone on the content of the antiseptic agent introduced into the gelatin hydrogel

Sample no. in Type of bacteria Image of a gelatin hydrogel Chlorhexidine concen-  The radius of the
accordance with sample (on the 4th day of the tration in the hydrogel, growth inhibition zone,
Table 1 study) % mm
14 Staphylococcus aureus ATCC 23923 0.1 10.0+0.5
15 0.25 112+04
16 1.0 12.5+0.5
17 0.0 0.0+0.0
14 Escherichia coli ATCC 25922 0.1 15.0+0.6
15 0.25 15.5+0.6
16 1.0 17.5+0.5
17 0.0 0.0+0.0
ﬂf&mﬁﬂw @ Springer
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