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Due to the war in Ukraine and a high number of wounds among combatants, civilians, and also working and domes-
tic animals, the need for high-quality and effective dressing material is extremely relevant. Therefore, the objective of our
study was to in vitro examine the sorptive properties of hydrogel dressings that we made and their antimicrobial action
after saturation with tetracycline antibiotics. The sorptivity was determined by submerging the hydrogel samples for 1 h
in water, wound exudate model, blood, 5% solution of oxytetracycline hydrochloride, and chlortetracycline. The presence
of tetracyclines in the samples of hydrogel dressings was studied using high-performance fluid chromatography; the
uniformity of their antibiotic saturation was examined under a light microscope; and the antimicrobial properties were
studied by incubation with Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa. The conducted stud-
ies revealed that the hydrogel dressings had good sorptivity. During one hour of contact of hydrogel with water, and also
blood exudate model, and blood, which are the main components of wounds, the examined samples were actively satu-
rating. After sorption of the dressings with 5% solutions of tetracyclines, we determined a 1.34-1.90 time increase in their
mass. Moreover, the content of oxytetracycline hydrochloride and chlortetracycline in the structure of hydrogel was
chromatographically confirmed, and histological analysis even revealed that the samples were uniformly filled with anti-
biotics. The hydrogel dressings loaded with oxytetracycline hydrochloride containing 98.6% and 94.5% active agent and
chlortetracycline hydrochloride with an active agent content of 99.9% exerted notable antimicrobial action toward the
microorganisms S. aureus, E. coli, and P. aeruginosa. Thus, the hydrogel sheets had good sorptivity and their saturation
with tetracyclines led to effective elimination of the microorganisms. Hydrogel dressings with antibacterial drugs can be
used to treat wound infections, because they enable a quick application of a necessary therapeutic concentration of medi-
cal compounds to the wound surface. Further studies will focus on the efficacy of hydrogel dressings applied directly to

animal wounds.
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Introduction

Over recent years, various countries have seen ongoing develop-
ment of hydrogel dressings for treating skin injuries (Ghomi et al.,
2019; Shi et al., 2020; Moradifar et al., 2025). In Ukraine, various
hydrogel means for therapy of wounds of different origin on animals
have been developed and broadly approbated (Mysak et al., 2021a;
Nosova et al., 2021a; Vlizlo et al., 2022). Once applied to wound regi-
on, modern hydrogel means of treatment of skin injuries must per-
form a number of functions: maintain thermal and moisture balance;
provide an influx of oxygen and necessary compounds; protect the
wound from mechanical damages; be capable of absorbing and re-
taining large amount of exudate; and promote proliferation and differ-
entiation of cells, thereby enhancing wound healing (Vlizlo et al,,
2021; McGrath et al., 2023; Moradifar et al., 2025). Therefore, a key
focus during the development of hydrogel-based means of treatment
is the provision of additional functions, particularly the prolonged de-
livery of therapeutic drugs with different mechanisms of action for
effective wound healing. The transdermal pathway of administering
medical compounds, which are loaded into wound dressings, allows
using medications with a narrow therapeutic index while minimizing
variability of therapeutic effects and metabolic changes of the active
agent in the liver (Leppert et al., 2018; Lin et al., 2022; Wong et al.,
2023). Various therapeutic drugs incorporated into dressings signifi-
cantly minimize adverse effects on the organism (Kaur et al., 2022;
Thang et al., 2023; Zhou et al., 2023). Peroral or parenteral (subcuta-

neous, intramuscular, intravenous) administrations of different medi-
cal compounds that are often used for additional wound treatment can
cause a detrimental impact on the vital organs and systems (Ongarora,
2022; Zelenina et al., 2022; Kozak et al., 2023Db).

One of the factors hindering the process of wound healing is in-
fection. To eliminate the microorganisms that cause wound infection,
antibacterial drugs are employed. Unfortunately, prolonged and non-
systemic use of antibiotics leads to development of resistance among
microorganisms. Antibiotic resistance is one of the most acute prob-
lems of our time and continues to exacerbate (Laxminarayan et al.,
2013; Nieuwlaat et al., 2021; Kozak et al., 2023a). Therefore, there
should be thoughtful practice of applying antibacterial drugs, in par-
ticular, choosing the most effective way of delivery to the organism,
minimizing the enteral and parenteral administrations, thereby poten-
tially reducing the risks of development of resistance in microorgan-
isms (Zhao et al., 2023; Karthikeyan & Sivaneswari, 2024).

One of the recommended ways of combating wound infection is
the use of dressings containing various antimicrobial drugs (Balcucho
etal., 2020; Li et al., 2020; Gadaime et al., 2025). This method is par-
ticularly effective when treating purulent wounds (Boateng et al.,
2008; Shaprynskyi et al., 2015). In the practice of humane and veteri-
nary medicine, broadly used antibiotics are those of the tetracycline
group (Chopra & Roberts, 2001; Granados-Chinchilla & Rodriguez,
2017; Galecio et al., 2022). To treat animals with skin diseases, good
results were produced by 5% and 1% oxytetracycline ointments
(YYanamoto et al., 2021; Salimiaghdam et al., 2022; Gashaw et al.,
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2024). However, applying ointments to wounds is not always rec-
ommended to achieve fast healing. Therefore, studies should seek for
new methods and means of treating wounds of varying age and origin
(firearms, tears, burns, etc.).

The objective of the study was to in vitro study hydrogel sheets
made of hydrogel dressings, examine their sorptivity with water, wo-
und exudate model, and blood as the main ingredients of wounds, and
also solutions of antibiotics of the tetracycline group (oxytetracycline
hydrochloride and chlortetracycline hydrochloride). Furthermore, the
hydrogel sheets saturated with these antibacterial drugs were tested
against microorganisms.

Materials and methods

For the studies, we used hydrogel dressings made at the Depart-
ment of National University Lviv Polytechnic. To make hydrogels,
we added 15-20 g of 4-10% pectin dispersion, 5-10 g of 3.5% dis-
persion of sodium alginate, and then added a necessary amount of
plastifiers (the ratio of polypropylene glycol PPG 2000 : polyethylene
glycol PEG 4500, as 3:1). The obtained mixture was thoroughly
mixed, loaded in the forms, and placed in 100200 mL of 0.2-1.0%
calcium chloride solution for 10-20 h. The hydrogels were taken out
of the forms, rinsed in water, and stored at a 5 °C temperature (Dron
etal., 2020a; Nosova et al., 2021b).

To study the sorptivity of the hydrogel dressings, strips measur-
ing 0.5 cm in width, 0.3 cm in thickness, and 10 cm in length were cut
from them. The obtained samples of the hydrogel sheets were intro-
duced into six test tubes, filled with fluids prepared for the study.
The first test tube contained deionized water, obtained using a Milli-Q
Synthesis A10 deionizer (Millipore S.A.S., Molsheim, France, 2003).
The second test tube contained a wound exudate model — exudate-
simulating fluid with pH = 7.4 to 7.5, prepared in accordance with the
following procedure: 0.222 g of CaClz, 2.3376 g of NaCl, 0.968 g of
TPIC (2-amino-2-hydroxymethyl-propane-1,3-diol) and 2 g of albu-
min 5% aqueous solution (BSA) were loaded into a 100 ml flask and
diluted to the mark with water (Rezvanian et al., 2017). The third test
tube contained whole canine blood, collected from the subcutaneous
vein of the forearm in sterile test tubes with heparine (BD Vacutainer;
Becton, Dickinson and Company; USA). The following three test tu-
bes individually contained 5% solutions of antibiotics of the tetracy-
cline group (tetracycline drugs manufactured by the company Merck;
Darmstadt, Germany): the forth included oxytetracycline hydrochlo-
ride containing 98.6% active agent; the fifth contained oxytetracycline
hydrochloride with active agent content of 94.5%; and the sixth held
chlortetracycline hydrochloride containing 99.9% active agent. The
volume of each of the six fluids in the test tubes was 3 mL. The sam-
ples of hydrogel were incubated in fluids for one hour. Prior and after
incubating the samples in the abovementioned fluids, we used a spe-
cial device to punch out disks (d = 0.5 cm) from the hydrogel sheets
and determined their mass (g) on analytical scales (OHAUS Corpora-
tion, Parsippany, New Jersey, USA, 2003).

The uniformity and depth of the sorbed solutions of tetracyclines
in the samples of the hydrogel dressings were determined by histolo-
gical study under a light microscope. The samples were photographed
using a digital camera installed in the microscope (Axioskop 40 FL;
Serien-Nr.:3311001438; Carl Zeiss, Oberkochen, Germany, 2000).

To determine the content of antibacterial drugs of the tetracycline
group in the hydrogel dressings, we used high-performance fluid
chromatography. For this purpose, the examined samples of the dres-
sings were cut into 5x5 mm cubes weighing 1 g. They were loaded
with 50 mL of solvent (mobile phase; acetonitrile and 0.2% solution
of phosphate acid were mixed in the volumetric proportion of 1:1),
were kept in an ultrasound bath for 30 min, and mixed in a mixer for
one hour. The certified standard samples of oxytetracycline hydro-
chloride and chlortetracycline hydrochloride (Merck; Darmstadt,
Germany) and the extracts obtained from the dressings were diluted
in mobile phase until the concentration of operating solutions reached
100 pg/mL. To avoid errors, the experimental and standard samples
were filtrated through PTFE syringe filters with a pore size of
0.22 mm (Phenomenex; Torrance, USA). The samples were divided
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on a liquid chromatograph (Waters Alliance 2690, USA, 1998) with
diode array detector. Optimal division was achieved using a chroma-
tographic column Luna C18(2) 250x4.6, mobile phase, consisting of
acetonitrile and 0.2% solution of phosphate acid, mixed in a volumet-
ric ratio of 1:1. The speed of the flow of mobile phase was
1.0 mL/min; the samples were detected at 350 nm; and the volume of
injection measured 10 pL.

To study the antimicrobial properties of the hydrogel dressings
saturated with 5% antibacterial drugs of tetracycline group, we incu-
bated the samples in microorganism cultures. At the same time, after
one hour of saturating the sheets with antibictics, they were applied to
the cultivation medium (glucose — 4%, meat-peptone bullion — 1%,
agar — 2% in 100 mL of H20) with cultured cells of Staphylococcus
aureus, Escherichia coli, and Pseudomonas aeruginosa. According to
the growth inhibition zones against the microbial cultures, we deter-
mined the effectiveness of antimicrobial action of oxytetracycline
hydrochloride containing 98.6% active agent; oxytetracycline hydro-
chloride containing 94.5% active agent; and chlortetracycline hydro-
chloride containing 99.9% active agent. The diameter of the growth
inhibition zones of the microbial cells (cm?) was measured using the
software TotalLab TL120. The control consisted of the samples of
hydrogel dressings loaded with 0.05% chlorhexidine.

The data were analyzed using the software Statistica 6.0 (StatSoft
Inc., USA). The results in the tables are presented as X + SD (mean £
standard deviation). The differences between the values of the control
and experimental groups were determined using ANOVA, where
they were considered statistically significant at P < 0.05 (taking into
account the Bonferroni’s Correction).

Results

The conducted studies of the fragments of hydrogel-algin sheets,
made from the hydrogel dressings, revealed that they were elastic
(elasticity module of 650 Pa) and strong. The samples selected for in-
cubation varied little in mass (Table 1). After contact of the hydrogel
sheets with the studied solutions, they increased their mass and swel-
led. Thus, submergence per one hour in water resulted in the greatest
swelling of the hydrogel sheets, with preservation of satisfactory me-
chanical properties. The mass of the dressing sample after incubation
in water increased 4.83 times. After hour-long incubation of the hyd-
rogel sheets in the wound exudate model, the mass of the samples in-
creased on average by 3.26 times, and incubation in dog blood increa-
sed their mass by 2.70 times. The mechanical properties of the hydro-
gel dressings did not change, although the sheets increased in volume
while maintaining their elasticity.

Table 1
Mass of the samples of the hydrogel dressings after one-hour
incubation in water, wound exudate model, and blood (n=7)

Mass of sample, mg

Samples of the hydrogel dressings

X+ SD lim
Prior to incubation 89+3 72-95
After incubation in water 430 + 27*** 376—494
After incubation in wound exudate model 290 + 13*** 260342
After incubation in canine blood 240 + 9*** 214-266

Note: in this and subsequent tables, *** indicates significant difference between
the parameters prior and after incubation (P <0.001).

After saturating the samples of hydrogel dressings with 5% solu-
tions of tetracycline-group antibiotics for one hour, compared with the
values prior to incubation, we determined increase in the mass of the
sheets, in particular: by 1.34 times after loading with oxytetracycline
hydrochloride containing 98.6% active agent; by 94.5% times after
incorporating oxytetracycline hydrochloride containing 94.5% active
agent; and by 1.90 times after adding chlortetracycline hydrochloride
(Table 2).

According to the results of histological studies of the sections of
the hydrogel dressings after incubation in the solutions of tetracycline-
group antibictics, we determined a good and uniform saturation of the
sheets (Fig. 1). The capacity of the structure of hydrogel dressings to
absorb and become saturated with the solutions of tetracycline antibi-
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otics was confirmed by the results of the studies using liquid chroma-
tography (Fig. 2).
Table 2

Mass of the samples of the hydrogel dressings after one-hour
incubation in 5% solutions of tetracycline-group antibiotics (n =5)

Samples of the hydrogel dressings X SD i

Mass of the sample, mg

89+3 72-95
120 £10** 100-147

Prior to incubation

After incubation in 5% solution of oxytetracycline
hydrochloride containing 98.6% active agent

After incubation in 5% solution of oxytetracycline
hydrochloride containing 94.5% active agent

After incubation in 5% solution of chlortetracycline
hydrochloride containing 99.9% active agent

125+ 7% 109-148

169 +16** 112-204

During the study of the antimicrobial action of the hydrogel
dressings loaded with tetracycline-group antibiotics, we determined
that the drugs had been effectively released from the samples of the

sheets into the environment and inhibited the growth of microorgan-
isms (Fig. 3).

After quantitative measurement of the growth inhibition zones
against S. aureus, we determined that the maximum action was produ-
ced by oxytetracycline hydrochloride containing 98.6% active agent;
a 18.4% lower action was displayed by oxytetracycline hydrochloride
containing 94.5% active agent, and 38.7% lower was the action of
chlortetracycline hydrochloride (Table 3).

The growth inhibition zone against E. coli was maximum after the
use of oxytetracycline hydrochloride containing 94.5% active agent,
and was almost the same after the actions of oxytetracycline hydro-
chloride containing 98.6% active agent and chlortetracycline hydro-
chloride.

The growth inhibition zones of P. aeruginosa varied little in the
conditions of hydrogel dressing loaded with oxytetracycline hydro-
chloride containing 98.6% active agent and chlortetracycline hydro-
chloride, and was lower when using oxytetracycline hydrochloride
containing 94.5% active agent.

Fig. 1. Histological sections of the hydrogel panels based on sodium alginate after saturation with solutions of tetracycline antibiotics:
a— oxytetracycline hydrochloride containing 98.6% active agent; b — oxytetracycline hydrochloride containing 94.5% agent;
¢ — chlortetracycline hydrochloride containing 99.9% active agent
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Fig. 2. Chromatogram of the solutions of tetracycline samples: a — standard sample of oxytetracycline hydrochloride
containing 99.9% active agent; b — dressing with oxytetracycline hydrochloride containing 98.6% active agent; ¢ — dressing with
oxytetracycline hydrochloride containing 94.5% active agent; d — standard sample of chlortetracycline hydrochloride containing

99.9% active agent; e — dressing with chlortetracycline hydrochloride containing 99.9% active agent; ordinate axis:
mUA —the magnitude of the signal in millivolts; abscissa axis — time of release of antibiotic, min
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Fig. 3. Growth inhibition zones for the culture cells: a — Staphylococ-
cus aureus, b — Escherichia coli, c — Pseudomonas aeruginosa;
1-0.05% chlorhexidine; 2 — oxytetracycline hydrochloride contain-
ing 98.6% active agent; 3 — oxytetracycline hydrochloride containing
94.5% active agent; 4 — chlortetracycline hydrochloride containing
99.9% active agent

Table 3

Area of growth inhibition zones against microorganisms
produced by chlorhexidine and tetracycline-group antibiotics
in the hydrogel dressings (cm?, n =7, x+ SD)

. Staphylococ- Escheri-  Pseudomonas
Active compound . . -
cusaureus  chiacoli  aeruginosa

- 136+ 133+ 113+
Chlorhexidine, 0.05% 008 005 003
Oxytetracycline hydrochloride 5.56 £ 420+ 6.27
containing 98.6% active agent 0.23™ 0.08™ 0.40™
Oxytetracycline hydrochloride 454+ 468+ 530+
containing 94.5% active agent 0.13™ 0.10™ 0.12™
Chlortetracycline hydrochloride 341+ 397+ 6.11+
containing 99.9% active agent 0.22™ 0.08™ 0.29™

Note: *** — significant difference between the parameters after action of chlor-
hexidine and tetracyclines, P <0.001.

Discussion

We made hydrogel dressings for treatment of wounds on wor-
king dogs sustained during their service in the Armed Forces of Uk-
raine, Border Patrol, National Guard, National Police, Emergency
Service, and Demining Service (Mysak et al., 2021b; Nosova et al.,
2021a; Vlizlo et al., 2022). Hydrogel dressings made from bioactive
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polymers of natural origin (Dron et al., 2020b; Bukartyk et al., 2022),
which provide elasticity and strength, are reliably fixated, and also
they effectively integrate into various forms of the wound bed. How-
ever, the efficacy of treating wounds depends not only on the quality
of the created hydrogel, but also on the condition of injured skin,
volume of released blood or exudate, and also different complications
that emerge during active wound healing process (Ribeiro et al.,
2024). Therefore, a good sorptivity of hydrogel dressings is a guaran-
tee of successful wound healing. Already in an hour, our hydrogel
dressings actively absorbed water, wound exudate model, canine
blood, and solutions of tetracycline-group antibiotics, while not alter-
ing their mechanical properties. Such qualities of hydrogels were
determined by other researchers (Okeke, & Boateng, 2016; Rezvani-
an et al., 2017). Active sorption by hydrogel dressings is due to the
formation of a macroporous structure within their matrix (Nosova
etal., 2020; Bukartyk et al., 2022). Hydrogel dressings not only effec-
tively sorb blood, but can also be able to stop bleeding. The hemosta-
tic action of hydrogel-alginate sheets, used for making dressings, is
explained by their content of calcium ions (Boateng et al., 2013).
At the same time, gel-like consistency creates an effect of humid en-
vironment, which prevents wound from drying, thereby forming a
microclimate that promotes the growth of the granulation tissue.

Bacterial wound infection significantly slows skin healing. Since
wound surfaces on animals are often compressed, contaminated, and
infected, close contact between the hydrogel dressing and the wound
allows for the sorption of fluids and the absorption of bacteria present.
The studies by Ukrainian researchers (Shaprynskyi et al., 2015; Pid-
lisny, 2021; Prokopenko et al., 2023) have underscored the utmost
gravity of the problem of wound infections against the background of
active military actions. Skin infections often occur even due to insig-
nificant injuries, given poor hygiene and weakened immunity (Nor-
man, 2009; Anghel et al., 2012). Since bacterial infection of the skin
impedes wound healing, treatment requires application of antimicro-
bial agents (Mogosanu & Grumezescu, 2014; Mirhaj et al., 2022;
Sharon Sofini et al., 2024). This is relevant in case of therapy of puru-
lent wounds when there is a necessity to target the leading factors of
pathogenesis, i.e. to inhibit vital wound microflora, decrease inflam-
matory-infiltrative condition, and enhance reparative processes (Rosa
etal., 2018; Rezvani Ghomi et al., 2019).

The study we conducted on saturation of hydrogel dressings with
solutions of antibiotics of the tetracycline group revealed their effec-
tiveness against microorganisms. It is related to the fact that antibiot-
ics of the tetracycline group have a broad spectrum of antimicrobial
action. They destroy Gram-positive (Staphylococcus spp., Streptococ-
cus spp., B. anthracis, Listeria monocytogenes, Clostridium spp.) and
Gram-negative bacteria (E. coli, Enterobacter spp., Klebsiella spp.,
Salmonella spp., Yersinia spp.), intracellular microorganisms (Ricket-
siaceae, Chlamidiales, Mycoplasma), and some protozoans (Yana-
moto et al., 2021; Galecio et al., 2022; Beganovic et al., 2023). Tetra-
cyclines are able to penetrate the cells of microorganisms through
diffusion and active transport and disrupt the synthesis of proteins by
blocking the functions of ribosomes (Chopra, & Roberts, 2001).
Therefore, these antibacterial drugs, in particular oxytetracycline, are
successfully used in veterinary practice to treat infected wounds,
exemas, and ulcers, where there is a development of microorganisms
that are sensitive to the action of antibiotics of this group (Esposito et
al., 2017; Adebowale et al., 2023). The histological studies revealed a
uniform saturation of the hydrogel sheets with tetracyclines, and
chromatographic study showed a good saturation of their structure.

No less important is the controlled release of antibiotics from hy-
drogel dressing and effective local action toward the wound infection.
The main causes of wound infections were found to be the bacteria
P. aeruginosa, E. coli, and S. aureus. They lead to slowed healing of
affected skin regions and various complications (Bowler et al., 2001;
Gbedema et al., 2010; Balcucho et al., 2020). The study we conduc-
ted on the antimicrobial action of hydrogel dressings saturated with
tetracycline-group antibiotics — oxytetracycline hydrochloride con-
taining 94.5% and 98.6 % active agent and chlortetracycline hydro-
chloride containing 99.9% active agent — revealed in vitro inhibition
of the growth of the microorganisms S. aureus, E. coli, and P. aeru-
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ginosa. This indicates that antibiotic-loaded hydrogel dressings effec-
tively release the drugs into the environment and potentially can elim-
inate bacteria in the wound. Transdermal application of antibictics
can be considered as one of the simplest and safest methods of deliv-
ery. All the dose of active agent is beyond the organism, contacting
with it only in the wound region. The drugs embedded in dressings
promote cleansing of the wound bed from necrotic tissues, remove
infection, and ultimately promote tissue regeneration (Boateng et al.,
2008; da Silva et al., 2019; Ongarora, 2022). During transdermal
administration, the drug at first penetrates the stratum corneum, then
the deeper epidermis, until it reaches the dermis. Once in the dermis,
it can be absorbed into the systemic bloodstream through the skin's
microcirculation (Shaw & Martin, 2009; de Oliveira Gonzalez et al.,
2016; Ghomi et al., 2019). The advantages of local application of
antibiotics is high concentration in the infected wound, minimal ac-
tion toward the whole organism, reduced risk of development of
resistance among microorganisms, and simplicity of use (Pidlisny,
2021).

Therefore, saturation of hydrogel dressings with tetracycline-gro-
up antibiotics will become an important and effective way of comba-
ting wound infections, because it allows a quick delivery of necessary
therapeutic concentrations of medical agents to the wound surface,
and in case of side-effect its application can be terminated.

Further studies can be oriented at hydrogel dressings loaded with
antibacterial drugs of the tetracycline group applied directly to wo-
unds of animals. Our objective is to develop an effective dressing ma-
terial for treating wounds of different origin and severity, which today
are unfortunately quite common in our country due to active military
actions, attacks on civilian infrastructure, and demining of areas.

Conclusions

Alginate-based hydrogel sheets that are the basis of dressings ef-
fectively absorbed water, wound exudate modeled, blood, and 5% so-
lutions of tetracycline-group antibiotics — oxytetracycline hydrochlori-
de and chlortetracycline hydrochloride. The hydrogel dressings satu-
rated with these compounds actively released the antibiotics into the
environment and successfully inhibited the growth of the microorga-
nisms Staphylococcus aureus, Escherichia coli, and Pseudomonas
aeruginosa, which are the main etiological factors of development of
wound infection.

The study was conducted within the framework of the Ministry of Education
and Science of Ukraine “Development, Approbation, and Introduction of Hyd-
rogel Dressings for Treating Wounds on Working Dogs” (2023-2026),
No. 0124U001090.

The authors declared that they have no conflict of interests.
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