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Introduction. The development of hydrogel coatings is a promising research direction in burn injury therapy. Honey-based hydrogels possess
unique physicochemical characteristics due to being transparent, capable of effectively absorbing exudate, and exhibiting low pH values. All
these properties make them ideal candidates for application not only in cosmetology but also in medicine for the transdermal delivery of vari-
ous medicinal substances.

Objective. Synthesis of honey-based hydrogels and comparative analysis of their physicochemical characteristics and antibacterial activity.
Materials and methods. Hydrogels were synthesized based on chitosan and carbopol with addition of 25, 50, and 75 wt % of white honey.
The following parameters were investigated: viscosity (using a Brookfield rotational viscometer); spreadability (by a compression method);
degree of sample swelling; stability (by centrifugation); honey release from the sample (using an ERWEKA DT-820 tester); analysis of the
quantitative honey content in the buffer (by spectrophotometry). The study of in vitro antibacterial properties was conducted using Candida
albicans ATCC 64550 (a yeast-like fungus), Staphylococcus aureus ATCC 25913 (a gram-positive bacterium), Escherichia coli ATCC 25922
(a gram-negative bacterium), Acinetobacter baumannii 897 (a gram-negative bacterium), Enterobacter cloacae ATCC 13047 (a gram-negative
bacterium), Klebsiella pneumoniae ATCC 19606 (a gram-negative bacterium). Statistical data processing was performed using the DeltaX 3.0
software.

Results. In terms of viscosity, the hydrogel based on 1% Carbopol 940 with a honey concentration of 25 wt % outperformed other gels.
The samples based on 1% Carbopol ETD 2020 with a honey concentration of 50 wt % exhibited the lowest spreadability. The highest
sorption capacity 1 h and 3 h after the onset of testing was demonstrated by the sample based on 3.5% low-viscosity chitosan with a
honey concentration of 25 wt %. The highest honey release was shown by the sample based on 10% low-viscosity chitosan with a honey
concentration of 50 wt %.

Conclusions. The conducted study of physicochemical and antibacterial properties render chitosan-based hydrogels promising for further
investigation. Hydrogel samples with a 75% honey concentration failed the stability test, which make them unsuitable for use as a therapeutic
delivery system. Based on the results obtained, a mixed hydrogel based on Carbopol 940 and 3.5% low-viscosity chitosan is recommended
for further research.
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MELOBbIN M’MOPOrESIlb — NEPCMNEKTUBHOE AHTUBAKTEPUAJIbHOE NOKPLITUE HOBOIO
MOKOJIEHUA?

E.H. KapnuHa', E.B. ®epotosa’?, ®.®. 3apunosa’, [1.B. Kpusopotos?, A.C. Pagnnos?

"HaumoHanbHbI nccnenoBatensckuii yHusepcuteT VITMO, CankT-INeTepbypr, Poccus
2Hay4Ho-nccnenoBaTenbCKUn MHCTUTYT TUreHbl, MpodnaTonorim 1 akonorum Yenoseka PeaepanbHOro Meanko-61onorm4eckoro
areHTCTBa, JleHnHrpaackas obnactb, Poccus

BeepeHune. PagpaboTka rugporeneBblix MOKPbITU — 3TO NEPCNEKTUBHOE HaNMpaBeHne 4Ns UCCNefoBaHni B 061acTy Tepanum 0>KOroBbIX
noBpeXxaeHuin. Maporenv Ha OCHOBe Mefa 06nafatoT YHUKabHBIMU PUINKO-XMMUHECKMMI XapaKTeEPUCTUKaMMN: OHW MPO3PaYHbl, XOPOLLO
BMMTLIBAIOT SKCCYAAT M UMEIOT HU3KME 3HaveHns pH. Bce aTo aenaeT nx naeanbHbIMU KaHavaatamu Ans NpUMeHeHNst He TONMbKO B KOCMe-
TONOMMK, HO 1 B MEAMLIMHE AN TPaHCAEePMabHON AOCTAaBKM Pa3NYHbIX IEKAPCTBEHHbBIX BELLECTB.

Llenb. MonyyeHne rmagporenern Ha OCHOBE NOAMMEPOB U Mefa, CPaBHUTENbHbIV aHaNN3 NX (PUSMKO-XMMUHECKIMX XapaKTEPUCTVIK 1 onpeae-
feHVe aHTMbaKTepnanbHOM akTUBHOCTH.

MaTtepuanel n metogbl. VIcnonb3oBanu NOAyYEHHbIE MMOPOreNn U3 XMTo3aHa 1 Kapbonona, cogepxalime B CBOeM COCTaBe NMMOBbLIN
Me[, B BECOBbIX KOHLeHTpauusx 25, 50 n 75%. ViccnepgoBanu nokasartenu: BA3KOCTb (Ha poTaLMOHHOM BUcko3umMeTpe Brookfield); pac-
TekaeMoCTV (MeTOOM MPEecCoBaHusl); cTeneHb HabyxaHus 06pasLoB; CTabUNbHOCTb (METOAOM LIEHTPUdYrMpoBaHns); BbICBOOOXKAEHME
Mena n3 obpasLoB (B TeCcTe BbICBOOOXAeHMSA ¢ nomoupto ERWEKA DT-820); aHann3 KoNM4eCTBEHHOrO cogep»kaHnsa meda B Oydepe
(MeTomoM cnekTpodoToMeTPUN). ViccnenoBaHne aHTMbakTepuanbHbIX CBOWUCTB in Vitro npoBoannu ¢ ucnonb3oBaHuem: Candida albicans
ATCC 64550 — pgpox>kenogobHblin rpub; Staphylococcus aureus ATCC 25913 — rpamnonoxutensHas bakTtepust; Escherichia coli
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ATCC 25922 — rpamoTtpuuatensHasa baktepus; Acinetobacter baumannii 897 — rpamoTpuuatenbHas 6aktepus; Enterobacter cloacae
ATCC 13047 — rpamoTpuLaTensHas baxkTepust; Klebsiella pneumoniae ATCC 19606 — rpamoTpuuatensHas baktepusi. Ctatuctimieckas
06paboTka AaHHbIX BbIMOSIHEHA C MOMOLLBIO MporpaMmmMmHoro obecnedeHns DeltaX 3.0.

Pesynbratbl. Hannyywnin obpaseL, No nokasaTento BA3KOCTM — rmaporens Ha ocHoBe 1% kapbonona 940 ¢ koHueHTpaumen mepa 25%.
HavmeHbLuen pacTekaemMocTbio obnagann obpasubl Ha ocHose 1% kapbonona ETD 2020 ¢ koHueHTpauven mega 50%. Havnydiwas copb-
LIMOHHAsA eMKOCTb Yeped 1 4 mocne Havana UcnbiTaHns 1 Yepe3 3 4 NMPOAEMOHCTPMPOBaHa y obpaslia Ha ocHoBe 3,5% HU3KOBS3KOro
XUTO3aHa C KOHUeHTpauven mega 25%. Hannydwnin pesynstaT BbICBOOOXKAEHNA Mefa nokasan obpasel, Ha ocHoBe 10% HU3KOBSA3KOro
XUTO3aHa C KoHLeHTpauven mena 50%.

BeiBogbl. Havbonee mepcnekTvBHbIMM A0S AafbHENWero ndyderHvs obpasuamMy no pesynsrtataMm UCCNefoBaHus (HU3NKO-XUMUHECKNX
1N aHTMHaKTepuanbHbIX CBOMCTB MPU3HaHbl MAPOren Ha OCHOBE XUTO3aHa. B pesynsrate CpaBHUTENBHOrO aHanmsa Oblfo BbISBAEHO,
4TO 06pasLibl TMAPOreneit ¢ KoHLeHTpauve Meda 75% He NPOXOAAT MCMblTaHve Ha CTabUnbHOCTb, YTO AenaeT HEBO3MOXHBIM VX MPUMEHe-
HMe B Ka4eCTBe TepaneBTUHECKOM CUCTEMbI OOCTaBKW. Ha ocHOBaHWUM nccnegoBaHnsa (DU3NKO-XUMUHECKIX NMoKasaTenen nccneaoBaHHbIxX
ruaporener, a Takxe nx aHTubakTepuanbHbIX CBOMCTB MOXHO PEKOMEH0BATb MPOBECTN UCMbITAHMS CMELLIAHHOIO rMMAPOrens Ha OCHOBE

kapbonona 940 1 3,5% HWU3KOBSA3KOro X1MTo3aHa.

KntoueBble cnoBa: pereHepatnBHas MegnLUmHa; 0XKoru; Meg; rmaporesib; PaHeBOe MNOKPbITME
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INTRODUCTION

Burns are one of the most common types of injuries,
both in domestic and industrial settings. In combustiolo-
gy, burns are classified into chemical, thermal, radiation,
and combined types. Susceptibility to infection by vari-
ous bacteria and the need to stimulate skin regeneration
are unifying factors for all these groups.

Hydrogels possess a number of properties that un-
derpin their advantages for use in combustiology. These
include absorption capacity, biodegradability, affinity to
the extracellular matrix ensuring biocompatibility, non-
adhesiveness, and the ability to deliver antimicrobial
components directly to the site of injury [1-3]. These
properties determine the potential efficacy of hydrogel
applications in burn care.

Hydrogels based on smart polymers capable of re-
sponding to external stimuli, such as pH level, tempera-
ture, and reactive oxygen species (ROS) concentration,
are increasingly attracting the research attention [3]. One
promising direction involves the development of synthet-
ic hydrogels with programmed release of bioactive sub-
stances capable of influencing the pathogenesis of the
wound healing process [4].

The ability of hydrogels to absorb fluids and swell
allows a specific moisture level to be maintained. This
facilitates control over exudate levels and ensures nec-
essary solubilization. The biocompatibility of hydrogel-
based polymers is important for mitigating the risk of
immune response induction and rejection by the bodly.

Polymeric hydrogel coatings effectively bind with var-
ious bioactive and pharmaceutical substances, enabling
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the delivery of antimicrobial, anti-infammatory, analge-
sic, and other therapeutic agents directly to the affect-
ed area [5]. Certain hydrogels can also exhibit intrinsic
antibacterial properties, such as synthetic polymeric
hydrogels based on poly(2-hydroxyethyl methacrylate)
[4]. Maikovych et al. also demonstrated the antibacterial
effect of hydrogels based on gelatin cross-linked with
polyethylene glycol against S. aureus and E. coli [6].

As a rule, hydrogels for burn care are fabricated from
natural polymers such as chitosan, sodium alginate, col-
lagen, hyaluronic acid, cellulose, gelatin, etc. Synthetic
polymers including polyvinyl alcohol, polyacrylamide,
polyethylene glycol, and carbopol may also hold prom-
ise in this field. Currently, hybrid hydrogels are among
the most widely used. These are created by combining
two or more synthetic and natural polymers. By lever-
aging the physicochemical properties of the constituent
polymers, the application scope of such hybrid hydro-
gels can be tailored [7]. One example of such combi-
nations is a hydrogel based on carboxymethyl cellulose
and chitosan, formed via a Schiff base reaction. This hy-
drogel was recommended for the healing of deep burns
due to its excellent tissue adhesion [8].

The antibacterial properties of honey have long
been of interest to researchers. Its effectiveness against
both pathogenic and non-pathogenic microorganisms,
including bacteria, yeasts, and fungi, has been dem-
onstrated in numerous scientific studies. The antimi-
crobial activity honey is associated with low pH values
(acidic environment), the content of hydrogen perox-
ide, sugars, and protein [9]. The high content of sugar
creates a protective barrier to inhibit the development
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of microorganisms. The reduction in the amount of un-
bound water molecules in honey leads to suppressed
microbial growth and proliferation [10]. The antifungal
properties of honey are also linked to its physicochemi-
cal characteristics. Phenolic compounds present in hon-
ey are believed to contribute to protein denaturation, sig-
nificantly destabilizing cellular membranes and ultimately
leading to their disruption in fungi [11, 12].

The anti-inflammatory properties of honey are equal-
ly relevant to burn medicine. Inflammation is a process
driven by immune response to various injuries or the
invasion of foreign pathogenic microorganisms. The
mitigating effect of honey on the inflammatory process
is thought to be associated with its phenolic constitu-
ents. Galangin (one of the honey flavonoids) inhibits the
activity of cyclooxygenase (COX) and lipoxygenase-2,
reduces the expression of cyclooxygenase-2 (COX-2),
and restrains the action of polygalacturonase [13]. Some
authors attribute the effect of honey on the molecular
mechanisms underlying the immune response to the in-
duction of NF-xB (a transcription factor), TNF-o (tumor
necrosis factor alpha), and the pro-inflammatory cy-
tokines IL-6 (interleukin-6) and IL-1p (interleukin-16) [14].

In addition to its antimicrobial properties, the wound-
healing capacity of honey is also noted. Its activity can
be both bacteriostatic and bactericidal, depending on
the type of honey. When honey comes into contact
with a wound, it reduces protease activity in the dam-
aged area, increases oxygen release from hemoglobin,
stimulates fibroblasts and macrophages. The produc-
tion of hydrogen peroxide stimulates vascular endothe-
lial growth factor and sterilizes the wound. Thus, honey
can be used as a component incorporated into wound
dressings [15].

In order to prevent the development of pathogenic
microorganisms during burn healing, it is essential to
maintain an optimal level of exudate. Honey possess-
es significant osmotic potential, which promotes the

\
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Figure prepared by the authors using their own data

release of lymphatic fluid. This fluid, in turn, cleanses and
disinfects the wound and aids in the removal of foreign
particles from the wound bed. Due to its osmotic poten-
tial and the ability to absorb moisture, honey as a wound
dressing significantly reduces the risk of swelling and
skin wrinkling, protecting the wound from over-hydration
[16, 17].

In this study, we set out to develop hydrogels based
on polymers and honey, conduct a comparative analysis
of their physicochemical characteristics, and determine
their antibacterial activity.

MATERIALS AND METHODS

The starting compounds were Far Eastern white (linden)
honey purchased from the store “Honey & Confiture”
(2023 harvest, article number: 00000001221 with a
quality certificate from the supplier), high-viscosity chi-
tosan (3.5%, Sigma-Aldrich), low-viscosity chitosan
(3.5%, Sigma-Aldrich), Carbopol 940 (1%, Lubrizol), and
Carbopol ETD 2020 (1%, Acros Organics).

Preparation of chitosan- and carbopol-based
hydrogels

Hydrogels were prepared according to a standard pro-
tocol as follows. A weighed sample of chitosan was dis-
solved in a weak acetic acid solution using a Heidolph
Silent Crusher M homogenizer (Germany) at a speed of
9000 rpm (Fig. 1). A weighed sample of Carbopol was
dissolved in water using a homogenizer at 9000 rpm.
The resulting polymer solutions were adjusted to a neu-
tral pH (pH = 6.0-7.0) with triethanolamine (TEA) under
continuous stirring. pH was monitored using a pH meter
(pH-150MI, Russia). Polyethylene glycol (PEG) was used
as a cross-linking agent and preservative. The resulting
polymer solutions were left to stabilize and swell for 24 h
in a refrigerator.

Honey

Fig. 1. Protocol for the preparation of honey-containing hydrogel samples
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Preparation of honey-containing hydrogels

White (linden) honey was liquefied in a drying oven at a
temperature of 45°C and added to the hydrogels under
constant stirring (Fig. 1). The following honey concentra-
tions were selected for each polymer solution: 25, 50,
and 75 wt %. The resulting hydrogels were stored in a
refrigerator for 24 h to stabilize and ensure uniform hon-
ey distribution.

Viscometric analysis

The viscosity of the hydrogels was investigated using
a Brookfield LV-SSR Brinell Viscometer rotational vis-
cometer (China). The experiment for each sample was
repeated three times. The average viscosity value was
calculated.

Sorption capacity investigation

A phosphate buffer with a pH of 5.5, corresponding to
the optimal pH of human skin, was prepared as follows:
a 13.61 g sample of potassium dihydrogen phosphate
was dissolved in water in a 1000 mL volumetric flask.
A 3.58 g sample of disodium hydrogen phosphate was
dissolved in water, bringing the solution to the 100 mL
mark. Then, 964 mL of the potassium dihydrogen phos-
phate solution was mixed with 36 mL of the disodium
hydrogen phosphate solution.

Dry samples were immersed in the phosphate buffer,
ensuring their complete submergence. The samples
were left for 1 h followed by draining excess liquid and
weighing. The samples were then immersed in buffer
again and weighed after another 2 h. The experiment
was repeated three times for each sample; the average
value for each sample was calculated.

The degree of swelling was determined by the
amount of fluid absorbed per 1 g of dry substance, ac-
cording to formula (1):

_ m-my1-vy) (1)
my(1-y)

Q=

Figure prepared by the authors using their own data

Fig. 2. Methodology for spreadability testing

where Q — hydrogel sorption capacity, g/g; m — mass
of the swollen sample, g; m, — initial mass of the sample,
g; Yy — moisture content of the gel sample, mass fraction.

The moisture content of the gel sample, mass frac-
tion, equals:

Mo~ Mo 100%, @)
mO
where m, — initial mass of the sample, g; m_— mass of

the sample dried to constant weight, g.

W% =

Spreadability study

The spreadability of the hydrogels was assessed using
a compression method (Fig. 2) [18]. A 0.5 g sample of
each formulation was placed between two glass slides.
A 5 g weight was placed on the top slide, and, following
5 min, the diameters of the formed discs were measured
using a ruler. Measurements were taken along three dif-
ferent axes. The experiment was repeated three times
for each sample, with the average diameter being calcu-
lated for each formulation.

Hydrogel stability

Hydrogel stability was evaluated using a centrifuga-
tion method (Fig. 3). Each 15 mL sample was centri-
fuged (ZJMZYM Timing Medical Centrifuge, China)
at 4000 rpm for 10 min. This was followed by a visual
assessment of the samples for precipitate formation or
phase separation. The experiment was repeated three
times for each sample.

In accordance with the State Pharmacopoeia,’ a
phosphate buffer with pH = 5.5 was selected as the
model medium. The study utilized a ERWEKA DT-820
dissolution tester (Germany). A 500 mL volume of the
dissolution medium was poured into a vessel thermo-
stated in a water bath to a temperature of 32.0 + 0.5°C.
The sample holder was immersed into the vessel con-
taining the dissolution medium, after which the appara-
tus with a rotational mechanism was started and oper-
ated for 4 h.

59

5 min

(i
| |

" General pharmacopoeial monograph “Buffer Solutions”. OFS.1.3.0003 “State Pharmacopoeia of the Russian Federation. XV edition”. Accessed from the

reference-legal system “Consultant Plus” (access date 21.07.2025).
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10 min
4000 rpm

Fig. 3. Methodology for stability testing. Honey release test from hydrogels

Samples were collected at hourly intervals. The sam-
ples were withdrawn from the mid-height region of the
dissolution medium at a distance no closer than 10 mm
from the inner wall of the vessel. The experiment was
repeated three times for each sample, and the average
value of the released substance was calculated for each
formulation.

Spectrophotometric analysis of released honey

Quantitative analysis of honey in the buffer was per-
formed using a Cary 100 UV Vis spectrophotometer
(Agilent Technologies, USA). The absorption of the re-
leased honey was measured at a A__ of 340 nm (flavo-
noid peak).

Based on the obtained absorption values, the con-
centration of the active substance in each collected
sample was calculated using formula (3):

_ Ax x Cst
= A s

st

¢ ©)
A, A, — the absorbance values of the test solution and
the standard solution, respectively; C_, — concentration
of the active substance in the standard solution, g/mL.

In vitro antibacterial activity study

The following microorganisms were selected to study
the antibacterial properties of the obtained samples:
Candida albicans ATCC 64550 — a yeast-like fungus;
Staphylococcus aureus ATCC 25913 — a gram-positive
bacterium; Escherichia coli ATCC 25922 — a gram-
negative bacterium; Acinetobacter baumannii 897 —

a gram-negative bacterium; Enterobacter cloacae
ATCC 13047 — a gram-negative bacterium; Klebsiella
pneumoniae ATCC 19606 — a gram-negative bac-
terium. Mueller-Hinton agar (Research Center for
Pharmacotherapy) was used as the nutrient medium for
cultivating microorganisms via the disk-diffusion meth-
od. Nutrient Medium No. 1 GRM (State Research Center
for Applied Microbiology and Biotechnology) was used
for preliminary control of microbial contamination of the
emulsions. Experiments to evaluate antibacterial prop-
erties were performed in accordance with the guide-
lines of the Clinical and Laboratory Standards Institute
(CLSI)? and the European Committee on Antimicrobial
Susceptibility Testing (EUCAST).®

The agar was inoculated using streaking motions in
three directions with a microbial suspension prepared
in sterile physiological saline (density 5 x 108 CFU/mL
or 0.5 McFarland standard) to achieve a confluent lawn.
Fifteen minutes after inoculation, disks impregnated with
the hydrogel samples were placed in Petri dishes, which
were then incubated with the microorganisms at 35 °C
for 20 h. Upon completion of the incubation period, the
diameters of the growth inhibition zones were measured
with an accuracy of 1 mm. This was achieved by placing
the Petri dishes upside down on a dark surface and il-
luminating them with a lamp at a 45-degree angle.*

Statistical data processing

Statistical data processing was performed using the
DeltaX 3.0 software. A one-sample Student’s t-test was
used for result analysis. Data are presented as mean
value and standard deviation (SD).

2 CLSI. Performance Standards for Antimicrobial Susceptibility Testing. 33rd ed., CLSI supplement M100. Clinical and Laboratory Standards Institute; 2023.

3 EUCAST Disk Diffusion Method for Antimicrobial Susceptibility Testing Version 12.0 (January 2024). www.eucast.org

4 Methodological Guidelines. MUK 4.2.1890-04 “Control Methods. Biological and Microbiological Factors. Determination of Microorganism Susceptibility to
Antibacterial Drugs” (approved by the Chief State Sanitary Physician of the Russian Federation on 04.03.2004). Accessed via the “Consultant Plus” system.

(Access date 25.05.2025).
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RESULTS AND DISCUSSION

In order to compare the physicochemical properties of
the hydrogels, samples with different honey weight con-
centrations (25, 50, and 75 wt %) were prepared. Visual
assessment revealed that all samples with 25 and 50
wt % honey concentrations were similarly transparent
and homogeneous, possessing a slight honey odor, and
having a yellow (for 25 wt % concentration samples) or
yellowish-brown color (for 50 wt % concentration sam-
ples). No mechanical inclusions were detected in these
samples. Chitosan-based and carbopol-based samples
with a 50 wt % honey concentration exhibited a viscous
liquid consistency, unlike the carbopol-based samples
with a 25 wt % honey concentration. The carbopol-
based samples with a 25 wt % honey concentration had
a gel-like structure.

An analysis of the potentiometric data (Table 1)
showed that the addition of honey to the hydrogel com-
position contributed to a decrease in the pH value. It is
known that depending on the skin type, the pH can vary
4—7. Since our results fall within the permissible range,
honey-containing hydrogels can be considered suitable
for transdermal administration.

The viscosity parameters of the samples also de-
pended on the incorporation of honey into the hy-
drogel composition (Table 2). It was observed that
viscosity decreased with an increase in honey con-
centration in the hydrogels. This trend was charac-
teristic of all samples, except for those based on
high-viscosity chitosan. The most suitable param-
eters for transdermal administration were exhibited

Table 1. Results of potentiometric study*

by samples based on Carbopol 940 with a 25 wt %
honey concentration.

To determine the sorption capacity of hydrogels, the
moisture content of each sample was calculated in mass
fractions using formula (2). The results of the moisture
content calculations are presented in Table 3.

The data obtained on the sorption capacity of the
hydrogels are presented in Table 4. Samples with the
lowest honey concentration demonstrated the highest
sorption capacity, regardless of the type of polymer they
were based on. Observations were conducted over 1 h
and 3 h. These time intervals were selected based on
the anticipated exposure time of the future coating.

It is also noteworthy that the sorption capacity of
chitosan-based hydrogels decreased after 3 h. This is
associated with the relatively rapid release of the sub-
stance into the buffer medium observed in chitosan-
based samples. This trend was clearly demonstrated
in the release test. The opposite trend was observed in
carbopol-based samples.

The greatest sorption performance was demon-
strated by the sample based on low-viscosity chitosan
with a 25 wt % honey concentration, both after 1 h and
3 h. This sample yielded the sorption capacity values of
14.63 g/g. Furthermore, no significant decrease in sorp-
tion capacity was observed after 3 h. The lowest per-
formance levels were observed in the sample based on
high-viscosity chitosan with a 50 wt % honey concen-
tration. This sample exhibited a low sorption capacity of
2.74 g/g after 1 h of the experiment, and after 3 h, the
sorption capacity decreased more than fivefold down to
0.58 g/g.

Polymer name Honey pH values of polymer solutions after pH values of hydrogels
concentration, wt % adjustment with triethanolamine after honey addition
3.5% High-viscosity 25 6.4
chitosan
50 6.5 6.2
75 6.3
3.5% Low-viscosity 25 6.2
chitosan
50 6.3 6.3
75 53
1% Carbopol 940 25 6
50 6.3 5.8
75 5.7
25 5.9
1% Carbopol ETD
2020 50 6.3 5.8
75 5.7

Table compiled by the authors based on original data

Note: * the table presents average values.

EXTREME MEDICINE | 2026, VOLUME 28, No 1

151




OPUTMHAJIbHASA CTATbA | KIMHUYECKASA ®APMAKOJ10IMNA

Table 2. Results of hydrogel viscosity studies*

Polymer name Honey concentration, | Viscosity parameters of | Viscosity parameters of hydrogels
y wt % polymer solutions, cPs after honey addition, cPs
25 7.2
3,5% High-viscosity
chitosan 50 9.2 49
75 6.8
25 4.24
3,5% Low-viscosity
chitosan 50 13.28 4.3
75 1.98
25 10.96
1% Carbopol 940 50 25.68 5.6
75 1.2
25 8
1% Carbopol ETD
2020 50 18.08 512
75 11

Table compiled by the authors based on original data

Note: * the table presents average values; cPs — centipoise.

Table 3. Assessment of hydrogel swelling capacity*

Polymer name Honey con(f)zntratlon, wt Moisture content, % Standard deviation (SD)

3.5% High-viscosity 25 0.63 0.08
chitosan 50 0.65 0.02
3.5% Low-viscosity 25 0.63 0.04
chitosan 50 0.68 0.03

25 0.67 0.06

1% Carbopol 940

50 0.67 0.07

25 0.61 0.05

1% Carbopol ETD 2020

50 0.60 0.06

Table compiled by the authors based on original data

Note: * the table presents average values.

The spreadability study of the samples, including the
standard deviation (SD), are presented in Table 5. It was
found that an increase in honey concentration was as-
sociated with smaller droplet diameters, indicating re-
duced hydrogel spreadability. The comparison study
revealed that the low-viscosity chitosan-based samples
exhibited the highest spreadability. The smallest spread-
ability value of 0.55 cm was observed for samples based
on Carbopol ETD 2020 with a 50 wt % honey concen-
tration, as well as for samples based on high-viscosity
chitosan with a 50 wt % honey concentration, making
them more preferable for use as a transdermal coating.
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These data correlate with the results previously obtained
by other authors [19]. Future research should investi-
gate the spreadability of a hybrid hydrogel composed
of Carbopol ETD 2020 and low-viscosity chitosan.
Presumably, such a hydrogel would distribute better
over the wound surface without spreading beyond its
boundaries.

The stability study of the hydrogels revealed that all
samples, except for those with a 75 wt % honey con-
centration, passed the test successfully. No precipitate
formation or phase separation was detected after cen-
trifugation.
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Table 4. Results of sorption capacity studies*®

Polvmer name Honey Sorption capacity Standard Sorption capacity Standard
y concentration, wt % after 1 h deviation (SD) after 3 h deviation (SD)

3.5% High- 25 10.44 0.09 7.24 0.05
ViSCOSity chitosan 50 274 0.08 0.53 0.07
3.5% Low- 25 14.63 0.13 14.37 01
viscosity chitosan 50 5.34 0.08 1.23 0.02
25 7.33 0.06 10.00 0.04

1% Carbopol 940
50 3.16 0.1 3.50 0.06
1% Carbopol ETD 25 4.71 0.07 6.50 0.09
2020 50 257 0.03 454 0.03

Table compiled by the authors based on original data

Note: * the table presents average values.

Table 5. Results of spreadability studies

Polymer name Honey concentration, wt % Mean value, cm Standard deviation (SD)

3.5% High-viscosity 25% 1.03 0.09
chitosan

50% 0.76 0.07

3.5% Low-viscosity 25% 1.66 013
chitosan

50% 1.36 0.06

1% Carbopol 940 25% 1.00 0.09

50% 0.93 0.12

1% Carbopol ETD 2020 25% 1.01 0.06

50% 0.55 0.1

Table compiled by the authors based on original data

For the study of honey release from hydrogels, sam-
ples based on 10% high-viscosity chitosan and 10%
low-viscosity chitosan were prepared instead of the
3.5% samples. The sample based on low-viscosity chi-
tosan with a 50 wt % honey concentration demonstrat-
ed the best honey release profile. This sample showed
the highest rate of honey release as early as the first
hour of the experiment. Subsequently, the release val-
ues continued to increase. For the other samples, only
a slight increase in the concentration of released honey
was characteristic. The study results are presented in
Figure 4.

Different varieties of floral honey exhibit pH values
ranging 3.5-4.1. However, linden honey with pH vary-
ing 4.5-7 is an exception. A neutral or slightly alkaline
environment is most favorable for the comfortable sur-
vival of most bacteria. If the environmental pH shifts
strongly to the alkaline region (pH 8-14), cellular RNA
and phospholipids are destroyed, leading to cell death.
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Conversely, when the environmental pH shifts to the
acidic region (pH 1-6), DNA and ATP are degraded. An
acidic environment is particularly detrimental to putre-
factive bacteria.

The in vitro study demonstrated that samples based
on both low-viscosity and high-viscosity chitosan, re-
gardless of honey concentration, exhibited an antibac-
terial effect against Staphylococcus aureus bacteria
(Fig. 5).

Furthermore, samples based on both low- and high-
viscosity chitosan with a 25 wt % honey concentration
exhibited antibacterial properties against Acinetobacter
baumannii bacteria (Fig. 6).

The study also identified bacteriostatic properties —
the ability to suppress the growth and development —in
samples based on low-viscosity chitosan with a 25 wt
% honey concentration, as well as in samples based on
Carbopol ETD 2020 with a 25 wt % honey concentration
(Fig. 7), against Klebsiella pneumoniae bacteria.
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Fig. 4. Results of honey release from hydrogels Fig. 5. Study of antibacterial properties of chitosan-

based hydrogels against Staphylococcus aureus

Photos taken by the authors Photos taken by the authors

Fig. 6. Study of antibacterial properties of chitosan-and  Fig. 7. Study of antibacterial properties of low-viscosity

25% honey-based hydrogels against Acinetobacter chitosan- and 25% honey-based hydrogels, as well as

baumannii Carbopol ETD 2020-based hydrogel with 25% honey
concentration, against Klebsiella pneumoniae

Photos taken by the authors Photos taken by the authors

Fig. 8. Study of antibacterial properties of chitosan- Fig. 9. Study of antibacterial properties of chitosan-
and 25% honey-based hydrogels against Escherichia and 25% honey-based hydrogels against Enterobacter
coli cloacae
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Furthermore, a weak bacteriostatic effect was ob-
served from hydrogels based on both low- and high-
viscosity chitosan with a 25 wt % honey concentration
against Escherichia coli (Fig. 8) and Enterobacter cloa-
cae (Fig. 9).

The remaining samples did not exhibit antibacterial
or bacteriostatic properties, which may be associated
with weak honey release. Furthermore, no antifungal ef-
fect was detected from the samples, as tests against the
yeast-like fungus Candida albicans yielded no results.
This is likely due to the optimal pH for Candida albicans
viability being 6.0-6.8.

However, it is important to note that the effects ob-
served were demonstrated against “wild-type” strains of
Acinetobacter baumannii, Klebsiella pneumoniae, and
Escherichia coli. In the future, we plan to conduct a se-
ries of experiments on polyresistant hospital-acquired
and community-acquired strains of the Gram-negative
pathogens Acinetobacter baumannii, Klebsiella pneu-
moniae, and Escherichia coll.

CONCLUSIONS

1. The hydrogel based on 1% Carbopol 940 with a 25
wt % honey concentration outperformed other samples
in terms of viscosity. The hydrogel based on 3.5% low-
viscosity chitosan showed the lowest viscosity value.

2. The samples based on 1% Carbopol ETD 2020
with a 50% honey concentration exhibit the lowest
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