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Abstract
The work presents the studies on the synthesis of hydrogel material based on the natural biopolymers (sodium
alginate and gelatin) for medical applications. Sodium alginate and gelatin are biocompatible, non-toxic,
biodegradable polymers and renewable raw materials. Combined alginate gelatin hydrogels are formed due to the
formation of a hydrogel network by simultaneous cross-linking of calcium ions of sodium alginate macromolecules,
gelatin, and macro-chains of rarely cross-linked polyacrylic acid. The optimal synthesis conditions (reagent
concentrations, the molar ratio of calcium ions to the number of carboxyl groups Ca2+*/COOH-) of the combined
hydrogels with satisfactory physicochemical and mechanical properties are determined. The dependences of the
mechanical properties of alginate-gelatin hydrogels on the degree of swelling indicate a wide range of their
satisfactory performance characteristics. The studies on sorption and release of analgesics (lidocaine and
novocaine) show long-term release of drugs and allow predicting the possibility of their prolonged delivery. In vitro
cytotoxicity analysis proved the absence of toxic effect on living cells. The results suggest that the obtained
combined alginate-gelatin hydrogels are a promising material for producing hydrogel dressings for wound care.
Keywords: hydrogel; sodium alginate; gelatin; polymerization; wound healing; calcium.
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AHoTariqa
B craTTi npejcTaBieHO pe3y/JbTaTH AOCAiJKeHb i3 CHHTe3y rijporejeBoro Marepiajy MeAU4YHOro Npu3Ha4eHH4 3
BUKOPUCTAaHHAM NPUPOJHiX GiomosiiMepiB (asbriHaty HaTpilo Ta »xeaatuny). lli mosnimepu € 6GiocymicHumwm,
HETOKCUYHMMH, GiojerpasaGe/ibHUMHM Ta HaJjlexKaTh A0 KJIacy BiJHOB/IWBaHOI cupoBUHHM. KomMGiHOBaHiI ajsibriHaT
’KeJIATUHOBI rigporesii ¢popMywTbCd BHAC/HAiIAOK YTBOPEHHS CITKM Tifjporejil0 mpM CyMiCHOMY HepexXpecHOMY
3lIMBaHHI iOHaAaMH KaJbLiil0 MaKpOMOJIeKyJ aJbriHaTy HaTpilo, >KeJJaTMHY Ta MAaKpOJIAaHLOTIB PiAKO3MHUTOL
N0JIiaKkpu/I0BOi KUC/I0TH. BU3HaYeHO onTHMa/ibHI YMOBM CcHHTe3y (MiHiMa/bHI rpaHMYHi MeXi KOHIeHTpamii
KOMIIOHEHTiB, MOJIbHE CHiBBiAHOLIEHHA iOHIB Ka/blilo A0 KiJbKOCTi Kap6okcuabHuX rpyn Caz*/COOH-), 3a akux
KOMGiHOBaHi rigporesii MawTh 3aJ0BiJIbHI Qi3uKo-XiMiuHi Ta MexaHiyHi B/IacTUBOCTI. 3a/Ie’)KHOCTI MeXaHiYHUX
BJIACTUBOCTEH a/IbriHaT-KeJaTMHOBUX TriJporesiB BiJ cTyneHsA HaGpsKaHHA BKa3ylTbh Ha HIMPOKUI Ajanma3oH ix
3aJ0BIJIbBHUX eKCIUIyaTalifiHUX XapaKTepucTHMK. BHUBYeHO 3JaTHiCTh oJepKaHUX TrijporesiB copGyBaTH Ta
BHUBIJIbHATH 3HeG0/II0Ba/IbHI NpenapaTu (JiJoKaiH Ta HOBOKAiH). 34aTHICTh ajbriHaT->KeJ1IaTHHOBUX rifporeis a0
TPUBAJIOT0 BUBIJIbHEHHA JIIKapCbKHUX IpenapaTiB A03B0JII€ NPOrHO3yBaTH TPUBAJICTh NPOJIOHIOBAHOI JOCTaBKU
nux npenapartiB Ao paH. [IpoBeseHuil aHas1i3 HUTOTOKCUYHOCTI in vitro mokasas, 0 CUHTEe30BaHi rigporesi He
MalTh TOKCHYHOrO BIUVIUBY Ha »KUBi KIITUHM. CyKynHicTh mHepeslidyeHOro CHeKTpPy BJIaCTUBOCTEH [ 03BOJISIE
CTBepA)KyBaTH, 10 OJep:KaHI KOMGIiHOBaHi a/ibriHaT-»KeJIJaTUHOBI rigporesii € nepcneKTUBHUM MaTepiajioM AJis
CTBOpPEHHA riiporejeBUX NOB’A30K AJIs AOT/IAAY 32 paHAMU.
Karouosi cnosa: rifporesib; anbriHaT HaTpilo; XKeJIaTHUH; NOJdiMepHU3allist; JiKyBaHHS paH; KajbLil.
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Introduction

Recently the issue of new means for the
treatment and protection of various wounds has
attracted much attention. Along with traditional
gauze, a variety of wound dressings are
increasingly used. A large number of these
dressings are obtained using biocompatible
natural and synthetic polymers [1]. There is a
wide range of requirements for polymeric
materials used in medicine to obtain wound
dressings, and the first selection criteria are the
absence of cytotoxicity, biocompatibility,
biodegradability [2-4]. Effective wound dressings
should possess high sorption activity, the ability
of effectively removing excess wound exudate
and its toxic components. They also should be
permeable to air and water vapor; to prevent
dehydration of the wound surface; to prevent
wound infection; to be modeled on wound
surfaces with a difficult relief, and possess
sufficient mechanical strength. In general, the
wound dressing should provide the optimal
microenvironment for wound healing at the
absence of local irritants and allergic effects.

Recently scientists paid attention to hydrogel-
based wound dressings as hydrogels, to some
extent, mimic living tissues [5]. Hydrogel
materials can be easily produced; they are
amenable for targeted changes in their properties
in a wide range by varying the chemical
composition of gelling polymers (ratio and nature
of comonomer units, crosslink density, etc.) [6-
8]. The main trends in the world practice of
forming modern hydrogels are hydrogels based
on natural polymers that can combine the known
advantages of hydrogel materials
(biocompatibility,  non-toxicity @ and non-
allergenicity) with satisfactory physical and
mechanical properties. Another advantage of
hydrogel-based wound dressings is the
possibility of including necessary drugs
(antibacterial, antiseptic, anti-inflammatory
drugs that affect the regenerative processes) in
the hydrogel volume. When hydrogel dressing is
applied to the wound, drugs are prolonged to
provide a therapeutic effect.

Despite the advantages, using hydrogels as
wound dressings has certain limitations because
a number of problems. This includes low
mechanical properties, which significantly
decrease with swelling of the bandage (long-term
using) and limited ability to absorb specific
wound fluids (exudates, transudates, etc.) [9].

The latest advance in the development of
hydrogel wound dressings is a two-layer or
combined material (sheet) with one layer
containing collagen (human collagen is used for
the most expensive dressings) and cells grown by
tissue engineering from human body tissue [10;
11]. In addition, such materials contain human
growth factors, cytokines, fibroblasts and
keratocytes [12; 13]. These means are very
expensive; they are used for wounds that do not
heal for a long time, and in the case all other
treatments do not give a positive result [14; 15].

Combined or hybrid hydrogel materials based
on natural polymers such as pectin or alginate
can be considered as alternatives for the mass
consumer. These materials should include
important elemental amino acids - proline,
oxyproline, and oxylysine, which are specific for
building collagen macromolecules [16]. Thus,
these combined hydrogels can be accepted as a
model of hydrogels that mimic the composition of
collagen and epithelial cells.

Gelatin obtained from collagen is the direct
functional analog of collagen according to the
amino acid composition. It is widely used for
pharmaceutical and medical applications due to
its biocompatibility, ability of biodegrading and
accelerating tissue regeneration and wound
healing [17-21]. At the same time, alginate is
known for its antibacterial properties and its
ability to stimulate the processes of
epithelialization and development of granulation
tissue in wounds treatment. Thus, the
development of combined alginate-gelatin
hydrogels is an urgent task for scientists [22; 23].

groups)-based hydrogels are favored by the
three-dimensional coordinates bonded by di- or
tri-valent metallic ions [6; 18-20]. Thus, calcium
salts (chloride and gluconate) are prevalently
employed, however they suffer from yielding
structural inhomogeneity in hydrogels due to
rapid gelation. Despite achieving products with
certain geometry remains non-trivial, in the
present work, a calcium salt, rarely crosslinked
polyacrylic acid (RPAA_Ca), was used as the
structural agent (Fig. 1.). Rarely crosslinked
polyacrylic acid with carboxyl groups partially
neutralized by Ca?* ions is able to form a stable
dispersion in non-aqueous media. Using such a
dispersion with particles as a source of sustained
release of calcium ions, hydrogel wound coatings
of homogeneous structure can be obtained.
Calcium salts of rarely crosslinked polyacrylic
acid with different degrees of substitution of
carboxyl groups were used in this study.
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Fig. 1. The structure of the structuring agent (RPAA_Ca)
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Fig. 2. The scheme of alginate-gelatin hydrogel formation

Alginate and pectin (containing carboxyl

The formation of the hydrogel occurs due to
the interaction of Ca2* ions with carboxyl groups
in the chain of D-galacturonic acid from sodium
alginate and with terminal and lateral carboxyl
groups of the glutamic and asparagine acids from
gelatin molecule. Cross-links between different
macromolecules provide the formation of a
homogeneous polymer network of combined
alginate-gelatin  hydrogel; it also includes
ionically linked chains of rarely crosslinked
polyacrylic acid (Fig. 2).

Also, hydrogel dressings for wound treatment
should be elastic, do not cause pain, do not
overdry the wound. Hydrogel materials can lose
elasticity (hydrogel becomes hard) if too much
water is lost, and a patient feels discomfort. To
prevent  this, additional = water-retaining
components are introduced into the hydrogel
composition; these components act also as a

plasticizer.
The aim of the present study was to develop
hydrogels  with satisfactory =~ mechanical

properties and a high ability to absorb wound
fluid based on the combined use of biopolymers
(sodium alginate and gelatin).

Experimental part

Sodium alginate, gelatin, glycerin,
polypropylene glycol 2000 (purity 98.5 %)
obtained from Aldrich were used without further
purification.

Model exudate to assess hydrogel ability to
absorb wound secretions was obtained according
to the method described in [5] and it contained:
20.0 mmol CaClz, 400 mmol NaCl, 80 mmol 2-
amino-2-(hydroxymethyl) propane-1,3-diol
(TRIS), and 2 % bovine serum albumin in distilled
water, and its pH was maintained at 7.5.

Alginate-gelatin hydrogels were obtained by
the following method. 10 % solution of gelatin, 3
% solution of sodium alginate in deionized water,
and 10 % dispersion of calcium salt of rarely
structured polyacrylic acid in a mixture of
glycerol and polypropylene glycol with MM =
2000. Calcium salts of rarely structured
polyacrylic acid with the following degrees of
substitution - 0.35; 0.53; 0.85; 1.0 were used to
create the necessary concentration of calcium
ions in alginate-gelatin hydrogels.

Solutions of gelatin and sodium alginate were
mixed in a given ratio and stirred for 5 minutes at
a temperature of 40 °C. A given amount of
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dispersion was introduced to the resulting
homogeneous solution and stirred for 2 minutes.
The resulting mixture was poured into plane-
parallel molds, sealed, and heated at 40 °C for 1
hour.

The flexibility and appearance of alginate-
gelatin hydrogel were assessed visually. The
thickness was estimated using a digital caliper at
five points (one in the center and four at the
edges).

Drugs (lidocaine, novocaine) in alginate-gelatin
hydrogels were introduced via exhaustive
absorption of a given amount of their aqueous
solution [27; 28]. The content of drugs in the
hydrogel was 2-2.2 %.

Studies of the drug release (novocaine,
lidocaine) from hydrogel samples were
performed as follows. Samples of hydrogels
(sized 2 cm x 2 cm and thickness 2 mm) saturated
with the drug were placed in eight times
(compared to the sample weight) excess of fluid
(water or model exudate), and at regular
intervals, samples of fluid were taken. The
optical density of these samples was measured at
A = 262 nm for lidocaine and A = 290 nm.
Quantitative assessment of the drug content in
the solution was performed using the appropriate
calibration dependence Cn = 17.263-D - 5.34-10-2
for lidocaine and Cl = 688.82:D + 8.6:10-3 for
novocaine. Then, the percentage of the drug that
remained in the hydrogel was calculated
according to the formula given in [29].

The degree of swelling of the hydrogel samples
(the ratio of the mass of absorbed fluid to the
mass of polymers in the hydrogel sample) was
determined by the gravimetric method at 20 °C in
distilled water and the model wound fluid. The
calculation of the degree of swelling was
performed according to the formula given in
[30; 31].

To determine the mechanical properties, a
standardized sample of hydrogel with a diameter
of 12 mm and a thickness of 7 mm was tested
using a stepwise uniaxial compression load in
increments of 500 um. The maximum value of the
load at which the hydrogel still retained its
integrity was considered the load maximum.

Cytotoxicity  study. To assess the
biocompatibility and cytotoxicity of hydrogel
matrices (combined hydrogels) a test culture of
bull sperm was used [32]. Ejaculates with the
following physiological characteristics were
selected for studies: volume 3-4 ml, sperm

concentration 6-11-108 cells/ml, number of live
germ cells 80-85 %. Sperm samples were divided
into groups: control - diluted with phosphate-
buffered saline (PBS): NaCl - 800 mg, KCl - 20 mg,
Na;HPO4 - 110 mg, KH2PO4 - 20 mg, MgCl; - 10
mg, distilled water - up to 100 ml) and research.
Hydrogels were added to the test samples in
doses of 10, 20, and 50 mg/ml of a diluted sperm
sample. The biocompatibility of hydrogels was
investigated by culturing sperm in direct contact
with hydrogel samples. Indicators characterizing
the course of redox processes in germ cells were
determined, in particular: succinate
dehydrogenase activity (SDH, units) using 2,3,5-
triphenyl tetrazolium chloride and cytochrome
oxidase (CHO, units) with "Nadi" reagent.

The cytotoxicity of the obtained combined
hydrogels was evaluated by the duration of
sperm survival (h) using a microscope (x 200)
until linear translational motion in semen stored
at a temperature of 2-5 °C is observed.

Results and discussions

Figure 3 shows the results of studies on the
change in the elasticity modulus of hydrogel
plates with the introduction of glycerol,
polyethylene glycols, and polypropylene glycols
with different molecular weights. Hydrogels
obtained using only glycerin as a plasticizer show
satisfactory elasticity. However, the glycerol in
the hydrogel can migrate rapidly from the
dressing to the surrounding tissues and the
plasticization effect is lost. Since glycerin is the
most effective plasticizer in this system (other
compounds did not possess a plasticization
effect), combined systems of plasticizers were
searched. It was found that it is possible to
replace half of the required amount of glycerol
with polyethylene glycol or propylene glycol
without the loss of plasticization effect. The best
results showed equal amounts of glycerin and
polypropylene glycol (PPG-2000). The content of
plasticizer components in the gel-forming
composition is 15-25%; it allowed ensuring
sufficient elasticity of the hydrogel dressing, even
when it is dried.

Previous experiments have determined the
range of gel-forming polymer concentrations
from 2.5 to 4.5 %. Below this concentration, the
hydrogels were either not formed or were too
weak, and above this concentration, they lost the
ability to swell and were too tough.
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Fig. 3. Dependence of the elasticity modulus of alginate-gelatin hydrogel on the type of plasticizer introduced into
its composition

Hydrogel samples were investigated for gel
fraction content, uniaxial compressive strength,
the degree of swelling in water and the solution
simulating the exudate to determine the optimal
conditions for hydrogel formation. Table 1
shows the properties of the obtained hydrogels
depending on the synthesis conditions.

The presented data indicates that the value of
the gel fraction of the obtained samples is in the
range of 68-97 %. The highest value is observed
for samples without gelatin. With increasing
gelatin concentration in the hydrogel sample at a
constant concentration of other components,
there is a decrease in the value of the gel fraction
to 75 %. The gel fraction content also decreases
with an increase in the molar ratio of calcium

ions to the number of carboxyl groups
Caz+ / COOH-.
Figure 4a shows the analysis of the

dependence of the hydrogel maximum load on
the molar ratio of calcium ions to the number of
carboxyl groups Ca2*/COOH-. Thus, with this ratio
increasing, the maximum load value before
destroying the gel increases, i.e. mechanical

properties of the hydrogel largely depends on the
number of bonds formed between the structuring
agent and the polymers forming the network.
There is also a direct proportional dependence of
the maximum load on the total content of gelling
polymers (Table 1).

As the molar ratio of calcium ions to the
number of carboxyl groups Ca2+*/COOH increases,
the degree of swelling in water naturally
decreases (Fig. 4b). In addition, the dependences
of the degree of swelling on the concentration of
gelatin and sodium alginate in hydrogel samples
are observed. It can be argued that both
parameters have antibatic effect on the degree of
swelling in water - it decreases and with
increasing concentration of gelatin and increases
with increasing concentration of sodium alginate.

Gelatin macromolecules contain free amino
groups that are capable of weak ionic interactions
with carboxyl groups of other polymers (sodium
alginate, rarely structured polyacrylic acid)
forming additional mesh nodes; it, in turn,
reduces the degree of hydrogel swelling.
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Table 1
Properties of the combined alginate-gelatin hydrogel depending on the production conditions
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1 1.5 0.3 0.85 20.4 1.0 35 1.5 55 89.4 8638.4 132.0 311
2 1.5 0.7 0.85 20.1 1.0 3.8 1.5 8.0 83.4 15886.6 82.3 30.6
3 1.5 1.0 0.85 20.0 1.0 4.0 1.5 9.0 76.7 17047.7 62.9 18.1
4 1.5 0.7 0.35 20.2 1.0 3.8 1.5 3.5 77.3 7651.8 357.0 28.3
5 1.6 0.6 0.53 19.2 1.0 3.8 1.5 51 77.2 16386.5 78.7 20.2
6 1.5 0.5 0.53 20.3 1.0 3.6 1.5 4.7 69.0 12340.6 300.2 32.2
7 1.5 0.3 0.85 20.4 0.6 3.1 2.6 5.5 95.7 5061.2 288.2 24.1
8 1.6 0.3 0.85 16.7 1.3 3.6 1.3 4.7 90.9 7388.7 265.6 21.2
9 1.7 0.2 0.85 14.5 1.5 39 1.1 4.2 92.0 7623.1 259.4 9.1
10 1.8 0.3 0.85 20.4 0.0 2.8 - 5.0 96.6 7857.4 123.2 28.2
11 15 0.7 0.85 13.1 0.3 29 4.4 8.3 85.1 8345.2 574.1 14.7
12 16 1.2 0.85 21.7 1.0 4.5 1.5 9.6 78.5 10001.2 58.3 15.2
13 15 1.1 0.85 19.4 0.6 3.8 2.5 9.5 92.5 9241.1 200.1 12.5
14 14 1.0 0.85 18.8 0.0 3.0 - 9.6 95.3 8243.2 284.6 27.1
15 14 1.1 0,85 15.6 1.2 4.0 2.0 7 94.5 12200.1 205.2 25.6
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Fig. 4. The dependence of the change in the maximum load a) and the change in the degree of swelling; b) on the
molar ratio of calcium ions to the number of carboxyl groups Ca2+ / COOH-
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An important characteristic of hydrogels as
therapeutic materials is their ability to absorb
wound fluid. It should be noted that too rapid
absorption of wound fluid is not an advantage
and, conversely, it should be avoided to prevent
overdrying of the wound, as this may adversely
affect the healing of wounds with the moderate
release of fluids [33]. Figure 5 shows the changes

220

200

[ ] water
N model exudate

180
160 -
140
120
100 -

80

g of absorbed fluid per 1 d
of gelforming polymers

60 +

40 4

20 4

in the amount of absorbed wound fluid compared
to the absorbed water for alginate-gelatin
hydrogels. The degree of swelling in water is
several times higher than the degree of swelling
in the model wound fluid because it contains
additional substances (albumin, sodium and
calcium chloride, etc.) that undoubtedly affect the
swelling process.

i

15 20 25

Time, h

Fig. 5. Dependence of amount of absorbed water and-model exudate by combined alginate-gelatin hydrogels
(sample 2 from table 1).

The amount of absorbed model exudate is in
the range of 30-35g per 1g of gel forming
polymers or 1900g per m2 of the absorption area.
According to the classification given in [34], the
absorption in the range of 2000-2500 g / m? for
the application on the wound up to 24 hours is
considered perfect for effective wound healing.

20000
15000
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Maximum load,Pa

5000

204,6

:202.5

Time, h

Therefore, it can be assumed that the obtained
alginate-gelatin hydrogel can be the basis of an
effective  therapeutic dressing capable of
maintaining water balance by preventing both
excessive dehydration of the wound and the
accumulation of exudate.

20000 -

15000

7151
730,2

10000

Maximum load,Pa

5000

N
©
]
§
15

10
Time, h

20

Fig. 6. The dependence of the maximum load of the combined alginate-gelatin hydrogels (sample 2 table 1) swollen:
a) - in water; b) - in the wound fluid. (* -The degree of swelling in the corresponding liquid is indicated above the bars)

Hydrogel mechanical properties, especially
during swelling are an important performance
characteristic for alginate-gelatin hydrogels as
wound dressings. Upon contact of the hydrogel
with the wound, the wound fluid enters the
hydrogel matrix, leading to the changes in the
conformation of the polymer network and the

stress of polymer chains; it can ultimately cause a
decrease in strength and even the loss of
structural integrity of the hydrogel [18; 35].
Therefore, studies of the mechanical performance
of the hydrogel at wuniaxial loading were
performed according to the method of
determining the maximum of hydrogel samples
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with different degrees of swelling (Fig. 6). The
obtained results suggest that alginate-gelatin
hydrogels naturally lose strength, which
decreases in proportion to the increased degree
of swelling in both water and model exudate.
However, the combined hydrogels (compared to
alginate hydrogels obtained under the same
conditions) retain integrity even at maximum
degrees of swelling withstanding the load only 2
times less than their initial maximum load.

In addition, as the obtained hydrogels are
proposed to use as hydrogel dressings for
therapeutic purposes, we conducted studies on
absorption and release (into the aqueous
medium) of the following drugs: novocaine

2,44

Drug content in the hydrogel, %

(procaine, 2- (diethylamino) ethyl-4-
aminobenzoate) and lidocaine  (xycaine,
xylocaine, 2-  (diethylamino) -N-  (2,6-

dimethylphenyl) acetamide). Fig. 7 shows the
kinetic dependences of the release of these drugs
from hydrogels. The factors regulating the rate of
drug release from hydrogel dressings are their
swelling and diffusion of the solute from the
hydrogel composition. It is expected that a slower
and more stable (constant) release of the drug
(with maintained integrity of the bandage) will
improve the wound healing process. It will also
increase patient comfort during treatment due to
reducing the frequency of bandage changes.

1 and 3 is hydrogel sample 6 from table 1
2 and 4 is hydrogel sample 3 from table 1

Time, h

Fig. 7. Kinetic curves of novocaine (1, 2) and lidocaine (3, 4) release from hydrogels of different composition.

35-60 % of lidocaine (Fig. 7 curves 3 and 4)
releases from the hydrogel into a solution in 1
hour and 50-80 % - in 5 hours. The maximal
release of lidocaine (60-90 %) occurs in 24
hours. In the case of novocaine (Fig. 7 curves 1
and 2) 10-15 % of the drug is released in 1 hour,
and 30-35 % - in 5 hours. In 24 hours the release

of novocaine is 50-55 % of its initial content in
the hydrogel.

The study showed that the release of these
compounds takes a long time, which will ensure a
prolonged delivery of drugs. The study showed
that the release of these compounds takes a long
time, which will ensure a prolonged delivery of
drugs.

Table 2
Survival and activity of oxidative enzymes of bull sperm under the action of polymers, n = 4
Conditions Dose, Indexes
mg/ml
Survival, h CHO, units SDH, units
M+m Ccv M+m Ccv M+m (0%
Control - 114.0+5.20 9.1 56.7+7.20 22.1 11.7+3.68 53.4
Sample 2 10 108.0+6.00 11.1 46.7+5.44 20.2 16.7+4.91 50.9
from table 1.
20 114.0+5.20 9.1 40.0+£8.16 35.4 16.7+5.44 56.6
50 102.0+5.20 10.2 23.3+2.72 22.2 23.3+7.20 53.4
n? 0.175 0.558 0.162
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An important property of hydrogel plates as
wound dressings is their biocompatibility with
the wound surface. Cytotoxicity assays were used
to study biocompatibility in vitro [36, 37]. In this
study, the biocompatibility of hydrogels was
investigated by culturing bull sperm in direct
contact with samples of hydrogels. The results of
the studies are shown in Table 2. The standard
governing the in vitro cytotoxicity study ISO
10993-5 states that "a decrease in cell viability of
more than 25-30 % is considered a cytotoxic
effect." The viability of all cells in direct contact
with hydrogels was more than 80 % after 24
hours, and more than 75 % after 48 and 72 hours
of exposure. Thus, obtained hydrogels can be
considered non-cytotoxic and safe.

Conclusions

Combined alginate-gelatin hydrogels with the
ability to absorb wound fluid and retain
mechanical properties after swelling have been
developed. The conditions for hydrogel formation
and the optimal ratio of biopolymers and the
structuring agent in the hydrogel matrix to obtain
maximal mechanical properties at different
degrees of swelling were determined. In vitro
cytotoxicity analysis revealed that this
composition is non-toxic and biocompatible
under direct contact with the living cells. The
ability to sorb and release analgesic drugs
suggested that obtained hydrogels could be
promising as a wound dressing on different
stages of healing.

Reference
[1] Schreml, S. Szeimies, R., Prantl, L., Landthaler, M., &
Babilas, P. (2010). Wound healing in the 21st century. J.
Am. Acad. Dermatol, 63(5), 866-881.
https://doi.org/10.1016/j.jaad.2009.10.048
[2] Powers, J. G, Morton, L. M, Phillips, T. J. (2013).
Dressings for chronic wounds. Dermatol. Ther., 26(3),
197-206. https://doi.org/10.1111/dth.12055
[3] Grytsenko, O.; Pukach, P.; Suberlyak, O.; Shakhovska, N.;
Karovi¢ Jr., V. (2021). Usage of Mathematical Modeling
and Optimization in Development of Hydrogel Medical
Dressings  Production.  Electronics, 10,  620.
https://doi.org/10.3390/electronics10050620
[4] Abasalizadeh, F., Moghaddam, S. V., Alizadeh, E., Akbari,
E., Kashani, E., Fazljou, S. M., Torbati, M., Akbarzadeh, A.
(2020). Alginate-based hydrogels as drug delivery
vehicles in cancer treatment and their applications in
wound dressing and 3D bioprinting. J. Bio. Eng. 14, 8.
https://doi.org/10.1186/s13036-020-0227-7
[5] Rezvanian, M. Ahmad, N.,, Amin, M. C, Ng, S. (2017).
Optimization, characterization, and in vitro assessment
of alginate-pectin ionic cross-linked hydrogel film for
wound dressing applications. Int. J. Biol. Macromol, 97,
131-140.
https://doi.org/10.1016/j.ijbiomac.2016.12.079
[6] Nakauma, M., Funami, T., Fang, Y., Nishinari, K., Draget,
K. L, Phillips, G. O. (2017). Calcium binding and calcium-

induced gelation of normal low-methoxyl pectin
modified by low molecular-weight polyuronate fraction.
Food Hydrocolloids, 69, 318-328.
https://doi.org/10.1016/j.foodhyd.2016.12.035

[7] Kozak, M., Mitina, N., Zaichenko, A., Vlizlo, V. (2020).
Anionic Polyelectrolyte Hydrogel as an Adjuvant for
Vaccine Development. Sci. Pharm, 88(4), 56.
https://doi.org/10.3390/scipharm88040056

[8] Suberlyak, O., Grytsenko, O. Baran, N., Yatsulchak, G.,
Berezhnyy, B. (2020). Formation Features of Tubular
Products on the Basis of Composite Hydrogels.
Chemistry & Chemical Technology, 14(3), 312-317.
https://doi.org/10.23939/chcht14.03.312

[9] Farris, S. Schaich, K. M, Liu, L, Cooke, P. H,
Piergiovanni, L, Yam, K. L. (2011). Gelatin-pectin
composite films from polyion-complex hydrogels. Food
Hydrocoll, 25(1), 61-70.
https://doi.org/10.1016/j.foodhyd.2010.05.006

[10] Bacakova, M., Pajorova, J., Broz, A, Hadraba, D., Lopot,
F., Zavadakova, A., Bacakova, L. (2019). A two-layer skin
construct consisting of a collagen hydrogel reinforced
by a fibrin-coated polylactide nanofibrous membrane.
International Journal of Nanomedicine, Volume 14, 5033-
5050. https://d0i:10.2147 /ijn.s200782

[11] Fu, X, Xu, M,, Liy, ], Qi, Y., Li, S., & Wang, H. (2014).
Regulation of migratory activity of human keratinocytes
by topography of multiscale collagen-containing
nanofibrous matrices. Biomaterials, 35(5), 1496-1506.
https://d0i:10.1016/j.biomaterials.2013.11.013

[12] Sarrigiannidis, S., Rey, ]., Dobre, O., Gonzalez-Garcia, C.,
Dalby, M., & Salmeron-Sanchez, M. (2021). A tough act
to follow: Collagen hydrogel modifications to improve
mechanical and growth factor loading capabilities.
Materials Today Bio, 10, 100098.
https://d0i:10.1016/j.mtbio.2021.100098

[13] Werner, S., & Grose, R. (2003). Regulation of Wound
Healing by Growth Factors and Cytokines. Physiological
Reviews, 83(3), 835-870.
https://d0i:10.1152 /physrev.2003.83.3.835

[14] Tozzi, G., Mori, A. D., Oliveira, A., & Roldo, M. (2016).
Composite Hydrogels for Bone Regeneration. Materials,
9(4), 267. https://d0i:10.3390/ma9040267

[15] Osidak, E. O. Kozhukhov, V. I, Osidak, M. S, &
Domogatskiy, S. P. (2020). Collagen as Biolink for
Bioprinting: A Comprehensive Review. International
Journal of Bioprinting, 6(3).
https://d0i:10.18063/ijb.v6i3.270

[16] Nagaraja, K., Rao, K. M,, & Rao, K. S. (2021). Alginate-
based hydrogels. Plant and Algal Hydrogels for Drug
Delivery and Regenerative Medicine, 11, 357-393.
https://doi.org/10.1016/b978-0-12-821649-1.00010-6

[17] Pawar, H. V., Boateng, J. S., Ayensu, 1., Tetteh, ]J. (2014).
Multifunctional Medicated Lyophilised Wafer Dressing
for Effective Chronic Wound Healing. journal of
Pharmaceutical Sciences, 103(6), 1720-1733.
https://doi.org/10.1002/jps.23968

[18] Ritger, P. L., & Peppas, N. A. (1987). A simple equation
for description of solute release II. Fickian and
anomalous release from swellable devices. Journal of
Controlled Release, 5(1), 37-42
https://doi.org/10.1016/0168-3659(87)90035-6

[19] Sekine, Y., Moritani, Y., Ikeda-Fukazawa, T., Sasaki, Y.,
Akiyoshi, K. (2012). A Hybrid Hydrogel Biomaterial by
Nanogel Engineering: Bottom-Up Design with Nanogel
and Liposome Building Blocks to Develop a Multidrug
Delivery System. Advanced Healthcare Materials, 1(6),
722-728. https://doi.org/10.1002/adhm.201200175



https://doi.org/10.1016/j.jaad.2009.10.048
https://doi.org/10.1111/dth.12055
https://doi.org/10.3390/electronics10050620
https://doi.org/10.1186/s13036-020-0227-7
https://doi.org/10.1016/j.ijbiomac.2016.12.079
https://doi.org/10.1016/j.foodhyd.2016.12.035
https://doi.org/10.23939/chcht14.03.312
https://doi.org/10.1016/j.foodhyd.2010.05.006
https://doi:10.2147/ijn.s200782
https://doi:10.1016/j.biomaterials.2013.11.013
https://doi:10.1016/j.mtbio.2021.100098
https://doi:10.1152/physrev.2003.83.3.835
https://doi:10.3390/ma9040267
https://doi:10.18063/ijb.v6i3.270
https://doi.org/10.1016/b978-0-12-821649-1.00010-6
https://doi.org/10.1002/jps.23968
https://doi.org/10.1016/0168-3659(87)90035-6
https://doi.org/10.1002/adhm.201200175

20

Journal of Chemistry and Technologies, 2022, 30(1), 11-20

[20] Zhao, W, Jin, X, Cong, Y. Liu, Y, Fu, ]. (2012).
Degradable natural polymer hydrogels for articular
cartilage tissue engineering. Journal of Chemical
Technology and Biotechnology, 88(3), 327-339.
https://doi.org/10.1002 /jctb.3970

[21] Naahidi, S, Jafari, M., Logan, M., Wang, Y., Yuan, Y., Bae,
H., Chen, P. (2017). Biocompatibility of hydrogel-based
scaffolds for tissue engineering applications.
Biotechnology Advances, 35(5), 530-544.
https://doi.org/10.1016/j.biotechadv.2017.05.006

[22] Wang, L., Shelton, R., Cooper, P., Lawson, M., Triffitt, J.,
Barralet, J. (2003). Evaluation of sodium alginate for
bone marrow cell tissue engineering. Biomaterials,
24(20), 3475-3481. https://doi.org/10.1016/s0142-
9612(03)00167-4

[23] Mujono, A., Evelyn, ]., Prasetyanto, E. (2020) IOP Conf.
Ser.: Mater. Sci. Eng. 858:012033
https://doi.org/10.1088/1757-899x/858/1/012033

[24] Nagaraja, K., Rao, K. M,, & Rao, K. S. (2021). Alginate-
based hydrogels. Plant and Algal Hydrogels for Drug
Delivery and Regenerative Medicine, 11, 357-393.
https://doi.org/10.1016/b978-0-12-821649-1.00010-6

[25] Shevchuk, O. Bukartyk, N. Chobit, M. Tokarev, V.
(2021). Synthesis and characteristics of cross-linked
polymer hydrogels with embedded CdS nanocrystals. J.
of Polymer Research, 28(9), 331.
https://doi.org/10.1007/s10965-021-02662-3

[26] Bashtyk, Y. Fechan, A, Grytsenko, O. Hotra, Z,
Kremer, I, Suberlyak, 0., Aksimentyeva, O., Horbenko,
Yu., Kotsarenko, M. (2018). Electrical elements of the
optical systems based on hydrogel - electrochromic
polymer composites. Molecular Crystals and Liquid
Crystals, 672(1), 150-158.
https://doi.org/10.1080/15421406.2018.1550546

[27] Nosova, N, Samaryk, ' Varvarenko, S.,
Nadashkevych, Z,, Voronov, S. (2016). Porous
polyacrylamide hydrogels: preparation and properties.
Voprosy Khimii I Khimicheskoi Tekhnologii, (5-6), 78-86.

[28] Grytsenko, 0., Spisak, E., Dulebova, L, Moravskii, V.,
Suberlyak, 0. (2015). Sorption Capable Film Coatings
with Variable Conductivity. Materials Science Forum,
818,97-100.
https://doi.org/10.4028 /www.scientific.net/msf.818.9
7

[29] Maikovych, O., Nosova, N., Yakoviv, M., Dron, I, Stasiuk,
A, Samaryk, V., Voronov, S. (2021). Composite materials
based on polyacrylamide and gelatin reinforced with
polypropylene  microfiber.  Voprosy @ Khimii |
Khimicheskoi Tekhnologii, (D), 45-54.

http://doi.org/10.32434/0321-4095-2021-134-1-45-
54

[30] Samaryk, V., Varvarenko, S., Nosova, N. Fihurka, N,
Musyanovych, A. Landfester, K, Voronov, S. (2017).
Optical properties of hydrogels filled with dispersed
nanoparticles. Chemistry & Chemical Technology, 11(4),
449-453. https://doi.org/10.23939/chcht11.04.449

[31] Mysak, Y. Kovalenko, T. Serdiuk, V. Kravets, T,
Martynyak-Andrushko, M. (2016). Obtaining of
polymethacrylate additives and studying of operational
properties of an alloyed industrial oil. Eastern-European
Journal of Enterprise Technologies, 3(6(81)), 9-15.
https://doi.org/10.15587/1729-4061.2016.71235

[32] Matysik, S.I, Kuzminov, B.P. Ostapiv, D.D. (2020).
[Cytotoxic action of hepatoprotector Antral on bull
sperm)]. Gigiena i Sanitaria, 99(2), 206-209 (In Russian.)
https://doi.org/10.33029/0016-9900-2020-99-2-206-
209

[33] Peles, Z.,, & Zilberman, M. (2012). Novel soy protein
wound dressings with controlled antibiotic release:
Mechanical and physical properties. Acta Biomaterialia,
8(1), 209-217.
https://doi.org/10.1016/j.actbio.2011.08.022

[34]Wu, Y, Yu, S, Mi, F., Wy, C, Shyu, S., Peng, C., Chao, A.
(2004). Preparation and characterization on mechanical
and antibacterial properties of chitsoan/cellulose
blends.  Carbohydr.  Polym,  57(4), 435-440.
https://doi.org/10.1016 /j.carbpol.2004.05.013

[35] Serdiuk, V., Shevchuk, O., Bukartyk, N., Kovalenko, T.,
Borysiuk, A., & Tokarev, V. (2021). Synthesis and
properties of  magnetite  nanoparticles  with
peroxide-containing polymer shell and nanocomposites
based on them. journal of Applied Polymer Science,
138(36), 50928. https://doi.org/10.1002/app.50928

[36] Ahmad, N., Amin, M. C,, Mahalij, S. M,, Ismail, [., Chuang,
V. T. (2014). Biocompatible and Mucoadhesive Bacterial
Cellulose-g-Poly (acrylic acid) Hydrogels for Oral
Protein Delivery. Molecular Pharmaceutics, 11(11),
4130-4142. https://doi.org/10.1021/mp5003015

[37] Ostapiv, R., Manko, V. (2015). Mitochondria Respiration
And Oxidative Phosphorilation Of Rat Tissues At
Taurine Per Oral Injection. Fiziolohichnyi Zhurnal, 61(6),
104-113. https://doi.org/10.15407 /f261.06.104



https://doi.org/10.1002/jctb.3970
https://doi.org/10.15407/fz61.06.104

