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Abstract. The aim of the study was to evaluate the effectiveness of an injectable implant combining hyaluronic acid and
sodium succinate for accelerating the reparative processes of donor wounds after autodermoplasty in patients with deep
burns. The study was conducted from 1 January to 30 June 2014 in the Department of Combustiology of the Kharkiv
Medical Academy of Postgraduate Education at the City Clinical Emergency and Urgent Care Hospital named after Prof.
0.1. Meshchaninov, where in 50 patients with donor wounds after autodermoplasty the effectiveness of the hyaluronic
acid and sodium succinate injectable implant and standard therapy was compared according to clinical, morphological
and biochemical parameters. The results showed that by the 10" day, complete healing was observed in 78% of patients
in zone A (39 out of 50), while in zone B this indicator was only 6% (3 out of 50). By the 14" day, epithelisation was
completed in 100% of cases in zone A, compared with 42% in zone B (21 out of 50). Morphological analysis showed a
higher mitotic index in zone A — 16.1% versus 6.8% in zone B on the 10% day, which reflected more active cell renewal.
Biochemical studies confirmed a more pronounced increase in catalase activity in zone A (from 28.2 to 36.6) compared
with the control zone (from 25.8 to 27.4). Scars in zone A formed delicate and elastic, while in zone B dense and less
organised structures predominated. The injectable implant of hyaluronic acid with sodium succinate accelerated healing
and improved scar quality compared with standard therapy. The results obtained may be used by burn specialists, plastic
surgeons and clinical pharmacologists in the practice of burn centres and departments of reconstructive surgery for
optimising the treatment of donor wounds after autodermoplasty
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INTRODUCTION

According to the World Health Organisation, about 180,000
deaths caused by burn injury are registered worldwide each
year [1]. The survival of patients with deep burns direct-
ly depended on the timely and adequate closure of wound
surfaces, including through autodermoplasty. However,
performing this procedure was accompanied by the forma-
tion of donor wounds, which became an additional site of
injury. The presence prolonged the duration of inpatient
treatment, intensified the pain syndrome, increased the
risk of secondary infection, and created prerequisites for
the development of pathological scars. The use of tradi-
tional approaches (gauze dressings, air-drying or local
antiseptics) allowed epithelisation to be achieved, but did
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not ensure rapid restoration of full skin cover or reduce the
risk of complications. For this reason, the problem of op-
timising the treatment of donor wounds in combustiolo-
gy remained unresolved and required the introduction of
modern biocompatible materials and implants capable of
accelerating reparative processes and improving the quali-
ty of newly formed tissue.

International data confirmed the effectiveness of hy-
aluronic acid in the treatment of burn wounds and in im-
proving the quality of tissue regeneration. In the study by
Y. Dong et al. [2], the use of a conformal hydrogel based on
hyaluronic acid with adipose tissue stem cells was integrat-
ed with cell therapy, which led to accelerated epithelisation
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and enhanced angiogenesis compared with the control
group. The study combined the biopolymer and cells into
a single therapeutic system, demonstrating the promise of
this approach. The analysis conducted by E. Alemzadeh et
al. [3] showed that the inclusion of stem cells in a hyaluron-
ic acid-based hydrogel modulated the expression of inter-
leukin-1 (IL-1B), transforming growth factor 1 (TGF-B1),
and basic fibroblast growth factor (bFGF), resulting in fast-
er wound healing. The authors confirmed that regulation
of the cytokine profile was a key mechanism for improving
the morphology of the regenerated skin. In the study by
A. Sierra-Sanchez et al. [4], the use of dermal substitutes
containing hyaluronic acid, led to faster epithelisation and
restoration of skin structures. The researchers emphasised
that the use of such materials reduced the severity of in-
flammation and promoted a more ordered process of re-
generation. In the study by S.V. Korkunda et al. [5], it was
noted that the use of hyaluronic acid in the complex treat-
ment of patients with wound defects contributed to faster
epithelisation and a reduction in the severity of inflamma-
tory reactions, which highlighted its therapeutic potential
in regenerative medicine.

Numerous studies were aimed at creating modified ma-
terials based on hyaluronic acid capable of combining bio-
compatibility with additional functional properties. In the
study by Z. Wang et al. [6], the development of films based
on chitosan and derivatives of hyaluronic acid demonstrat-
ed increased strength and biodegradability, which ensured
faster healing of skin defects compared with unmodified
materials. The authors emphasised that the combination
of polymers improved both the mechanical characteristics
and the biological activity of the coating. The study con-
ducted by Z. Hussain et al. [7] showed that the function-
alisation of hyaluronic acid polymeric nanoparticles im-
proved the delivery of active substances to deeper layers
of the skin, resulting in significantly higher wound-healing
effectiveness. It was proven that such an approach pro-
vided increased bioavailability and a pronounced anti-in-
flammatory effect. In the work by S. Zhang et al. [8], the
creation of hybrid hydrogels based on arginine derivatives
and hyaluronic acid led to the formation of materials with
antioxidant properties, which contributed to the reduction
of oxidative stress in the area of injury. The authors con-
firmed that these properties promoted more harmonious
skin recovery and a reduction in the intensity of the in-
flammatory response. In the study by M.V. Balanenko [9],
the creation of biomedical dressings based on a chitosan
nanocomposite demonstrated the prospects of combining
national biotechnologies with innovative approaches of
tissue engineering. It was established that the created ma-
terials exhibited antibacterial activity and contributed to
the course of regenerative processes, which was important
for the treatment of donor wounds in clinical practice.

Studies devoted to improving the treatment of donor
wounds confirmed the effectiveness of modern biopoly-
meric dressings and hyaluronic acid-based materials. In
the study by N.M. Nor [10], the use of film wound dressings
for the treatment of donor sites in patients with deep burns
was evaluated clinically, and the results demonstrated a re-
duction in epithelisation time and a decrease in the fre-
quency of infectious complications. It was emphasised that
the choice of dressing materials directly influenced the

speed of regeneration and the quality of the formed skin.
U.Ye. Sobina [11] investigated the possibilities of creating a
medical device based on hyaluronic acid, designed for use
in regenerative medicine. The author showed that the com-
bination of natural polymers with bioengineering technol-
ogies made it possible to create a product with the poten-
tial to optimise wound healing. In the study by G. Papa et
al. [12], a comparison of hyaluronic acid- and silver-based
dressings in patients after autodermoplasty was conduct-
ed. The results demonstrated that the use of hyaluronic
acid-containing materials improved scar quality and con-
tributed to better functional characteristics of donor sites.

Despite the significant volume of experimental and
clinical studies, scientific research still lacked sufficient
data regarding the evaluation of the effectiveness of in-
jectable implants based on hyaluronic acid in combination
with sodium succinate in the treatment of donor wounds in
combustiology. The aim of the study was to determine the
clinical outcomes of using an injectable implant based on
hyaluronic acid in combination with sodium succinate in
patients with burn injury.

MATERIALS AND METHODS

Study design, patient characteristics and ethical as-
pects. The study was conducted as an open comparative
single-group design with intra-individual control: the do-
nor site of each patient was conditionally divided into two
equal parts, where one half received an injectable implant
based on hyaluronic acid and sodium succinate, and the
other — standard local treatment. The period of implemen-
tation lasted from 1 January to 30 June 2014, which provid-
ed sufficient time for recruiting the planned sample of pa-
tients, carrying out the 14-day treatment and observation
cycle, and performing laboratory and statistical processing
of the results. The study was conducted in the Department
of Combustiology, Reconstructive and Plastic Surgery of
the Kharkiv Medical Academy of Postgraduate Education
on the basis of the City Clinical Emergency Hospital named
after Prof. O.I. Meshchaninov (Kharkiv, Ukraine).

The study included 50 patients with donor wounds af-
ter autodermoplasty for thermal burns of IIIA-IIIB degree
with an area of up to 5% of body surface. Among the par-
ticipants, there were 28 men and 22 women aged 18 to 65
years. The localisation of burns was distributed as follows:
hand - 8 patients, forearm — 8, shoulder — 10, torso - 9,
thigh - 9, shin — 6. Patients with donor sites corresponding
to the indicated parameters were included; in women of re-
productive age, a negative pregnancy test was a mandatory
condition. Individuals with burn disease, hypersensitivity
to the components of the study drug, active inflammatory
processes at the site of administration, a tendency to form
hypertrophic scars, blood coagulation disorders, diabetes
mellitus, as well as those who received thrombolytic or
anticoagulant therapy within two weeks prior to inclusion,
were not allowed to participate. In addition, patients with
severe decompensated diseases or acute conditions that
could affect the treatment results, as well as those who re-
quired medications not provided for by the protocol or were
already participating in other clinical trials, were excluded.

The ethical principles of the study complied with the
provisions of the Declaration of Helsinki of the World Med-
ical Association [13], which defined the priority of patient
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safety, voluntariness of participation, and mandatory in-
formed consent. In addition, the protocol was developed
taking into account the requirements of the international
guideline on Good Clinical Practice [14], which guaran-
teed the reliability of the obtained clinical data and the
protection of participants’ rights. All participants signed
written informed consent, which included confirmation
of voluntary participation in the study and acceptance of
the conditions regarding the processing of personal data in
compliance with the principles of confidentiality and an-
onymisation of the obtained information.

Treatment interventions and therapy protocol.
Before the start of therapy, all patients underwent screen-
ing, which included clinical examination and laboratory
tests. Treatment was started immediately after autoder-
moplasty. The donor site was conditionally divided into
two equal parts. In one zone an injectable implant (zone A)
containing hyaluronic acid and sodium succinate (Hyalual,
“Yuria-Pharm”, Ukraine) was used. The drug was injected
directly under half of the wound in a dose of 1-2 ml, de-
pending on its area, immediately after surgery and again
after three days. The other half of the donor surface was
treated according to the standard protocol (zone B): a ster-
ile gauze napkin without additional impregnation was ap-
plied to the entire area, after which drying was carried out
with a specialised medical heat fan WarmTouch WT 6000
(Covidien, USA), certified for use in burn surgery depart-
ments. Patients were examined daily, which included an
assessment of general condition, visual characterisation of
the donor site, and registration of subjective complaints.
Dressings in the control zone were carried out once a day,
synchronously with daily examinations. Treatment lasted
until complete epithelialisation, and the main criterion of
effectiveness was the assessment on the 14" day. Advanced
clinical and laboratory examinations were performed on
the specified control days — on days 1, 3, 7, 10 and 14, which
included general clinical examination (body temperature,
auscultation of the heart and lungs, palpation and percus-
sion of the abdomen, condition of the skin and mucous
membranes), laboratory tests (complete blood count, gen-
eral urine analysis, biochemical blood parameters), as well
as visual assessment of the donor wound. Histological and
histochemical studies, including determination of the mi-
totic index and cellular activity, were performed on the 3%
and 10™ days. The activity of antioxidant enzymes — super-
oxide dismutase (SOD) and catalase — was determined on
the 3" and 14" days. Tolerability of therapy was assessed
after the completion of the treatment course, while all ad-
verse reactions were recorded daily. In cases where com-
plete epithelialisation of the donor site occurred earlier
than 14 days, the final clinical and laboratory examination
was carried out on the day of healing.

Methods of assessing clinical and morphological
treatment results and statistical analysis. The assess-
ment of effectiveness was carried out according to primary
and secondary criteria. The primary criteria included the
duration of treatment (in days) until complete epitheliali-
sation of the donor site and the morphological character-
istics of tissues determined by the results of histological
and histochemical studies in dynamics. The drug was con-
sidered effective if complete epithelialisation of the donor
surface was achieved without complications, while partial

epithelialisation was qualified as an insufficient therapeu-
tic result. The secondary criteria were the average healing
time of the donor site in the observation groups, changes
in histological parameters in biopsies during treatment,
and the results of histochemical studies reflecting the fea-
tures of proliferative and reparative processes in the con-
trol and experimental zones.

For clinical assessment, a categorical scale from 0 to
3 points was used. The degree of epithelialisation was de-
fined as complete (0 points), more than 50% of the surface
(1 point), 25-50% (2 points) or less than 25% (3 points). The
character of epithelialisation was assessed as continuous
(0 points), marginal and insular (1 point), marginal only (2
points) or absent (3 points). Inflammatory changes in the
wound and adjacent tissues were classified from the ab-
sence (0 points) to mild (1 point), moderate (2 points) or se-
vere (3 points). Skin itching in the healing area was also as-
sessed gradually: from absence (0 points) to mild (1 point),
moderate (2 points) and severe (3 points). Morphological
characteristics of tissue quality included relief smoothness,
where 0 points corresponded to absence of irregularities,
1 point — mild, 2 points - moderate and 3 points — severe
changes. Tissue colour was defined as normal (0 points),
with mild hyperaemia (1 point), marked hyperaemia (2
points) or purplish-cyanotic shade (3 points). Tolerabil-
ity of therapy was assessed comprehensively, taking into
account patients’ subjective complaints, clinical data and
laboratory test results, as well as the frequency and na-
ture of adverse reactions. For the integrated assessment a
three-level scale was used: good tolerability was defined by
the absence of pathological changes or deviations in clin-
ical and laboratory parameters and patients’ complaints;
satisfactory corresponded to temporary and minor devia-
tions that did not require therapy modification or addition-
al interventions; unsatisfactory was established in cases of
severe pathological changes requiring discontinuation of
the drug and the appointment of alternative treatment.

Statistical data processing was carried out using MS
Excel (Microsoft Office, USA). For quantitative variables
the mean value (M), median (Me), standard deviation (SD),
minimum (Min) and maximum (Max) values were calculat-
ed. For qualitative indicators, absolute (n) and relative (%)
frequencies were determined. Normality of distribution
was checked using the Shapiro-Wilk test. In cases of nor-
mal distribution a paired Student’s t-test was used, and in
its absence — the Mann-Whitney test. Categorical data were
compared using Pearson’s x? test or Fisher’s exact test. Dif-
ferences were considered statistically significant at p<0.05
(for the Shapiro-Wilk test — p<0.01). The limitation of the
study was that it did not provide for the assessment of
long-term quality of formed scars and long-term function-
al results, which reduced the possibility of a comprehen-
sive analysis of therapy effectiveness.

RESULTS
Comparative characteristics of clinical outcomes in
zones A and B. Clinical results showed significant differ-
ences in the speed and quality of healing of donor wounds
depending on the treatment approaches used. In patients in
whom an injection implant based on hyaluronic acid and so-
dium succinate was administered in zone A, the recovery pro-
cesses took place more dynamically and were accompanied
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by distinct positive changes from the very first days of treat-
ment. This was manifested both in faster epithelialisation
of the wound surface and in a reduction in the severity of
inflammatory reactions and in a more orderly formation of

tissues. For a detailed reflection of the process dynamics
during the observation period on days 1, 3, 7, 10 and 14, the
results of the clinical assessment of the condition of donor
wounds in zone A were summarised in Table 1.

Table 1. Dynamics of donor wound healing in zone A (n=50)

Indicator Expression Day 1 Day 3 Day 7 Day 10 Day 14
0 - complete - - 12 39 50
1 - more than 50% - - 15 11 -
D f epithelialisati
egree of epithelialisation 3 — 25-50% - - 3 - -
3-<25% 50 50 - - -
0 - continuous - - 12 36 50
1- inal and insul - - 30 14 -
Character of epithelialisation margina ar_l suiat

2 — marginal - 50 8 - -
3 — absent 50 - - - -
0 - none - - 12 19 27
1 - slight - 10 15 28 22
Inflammatory changes 2 - moderate 35 36 23 3 1
3 — severe 15 4 - - -
0 - none - - - - -
1 - slight - - - - 41

Skin itchi
i itching 2 — moderate - - - - 9
3 — severe - - - - -
0 - none 50 - - - 21
e 1 - slight - - - - 25

Relief lari
eliel Irreguiarity 2 — moderate - - - - 4
3 — severe - - - - -
0 - normal - - - - -
. . 1 - moderate hyperaemia - - - - 40
1

Colour intensity 2 — severe hyperaemia 50 - - - 10
3 — purple-cyanotic - - - - -

Source: compiled by the author

The analysis of Table 1 data demonstrated that at the
initial stage (1-3 days) all patients had minimal epithe-
lialisation (<25% of the surface), which corresponded to
the expected course of the early postoperative period after
autodermoplasty. Such a result indicated the adequacy of
the research model and the absence of initial deviations
between patients. By the 7™ day, in 24% of cases (12/50)
complete epithelialisation was noted, in another 30% res-
toration of more than half of the surface was observed, and
in 46% — from 25 to 50%. Such dynamics demonstrated the
activation of reparative processes under the influence of the
injection implant, which allowed a significant number of pa-
tients to enter the phase of full recovery much earlier than
usually expected with standard therapy. By the 10" day, in
78% of participants (39/50) complete epithelialisation was
observed, while the remaining 22% reached this indicator
by the 14" day. Thus, the absolute majority of patients com-
pleted the healing process within the first ten days, which
clinically meant a significant reduction in the duration of
inpatient treatment. The character of epithelialisation also
confirmed the high quality of recovery: by the 7" day in 24%
of cases the newly formed epithelium was already contin-
uous, and by the 14" day this indicator was 100%, which
indicated the uniformity and stability of regeneration.

The inflammatory component, typical for postop-
erative wounds, gradually decreased. At the start of the
study, severe inflammation was noted in 15/50 patients,
but by the 10" day only isolated moderate manifestations

remained, and by the 14t day severe cases completely dis-
appeared. This meant that the implant had a pronounced
anti-inflammatory effect, which contributed to a more sta-
ble course of the reparative process and reduced the risk of
infectious complications. Regarding subjective complaints,
itching was recorded only on the 14" day: in 82% of cases
it was slight, and in 18% — moderate. Such dynamics in-
dicated that itching appeared as a symptom of tissue re-
modelling and did not negatively affect the overall clini-
cal result. Morphological markers of skin quality showed
gradual improvement: by the 14" day in 42% (21/50) of
patients the relief irregularity completely disappeared,
while the rest had only slight or moderate manifestations;
no severe cases were recorded. This demonstrated a re-
duced risk of hypertrophic or keloid scars. Hyperaemia,
which at the beginning was present in 100% of patients
(50/50), gradually decreased: by the 14™ day only 10 cas-
es of moderate changes remained. Such a result confirmed
the normalisation of microcirculation and the adequacy
of vascularisation of the restored tissues, which, togeth-
er with morphological indicators, pointed to the high
quality of regeneration. Unlike zone A, where an injec-
tion implant was used, zone B used a standard approach
to the treatment of donor wounds, which included gauze
dressings and drying with a specialised heat blower. The
dynamics of recovery in this group proved to be less in-
tensive: the process of epithelialisation proceeded more
slowly, with a larger proportion of cases of pronounced
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inflammatory manifestations and uneven structure of the
newly formed tissue. Detailed indicators of the clinical

evaluation of the condition of donor sites in zone B during
the entire observation period were presented in Table 2.

Table 2. Dynamics of donor wound healing in zone B (n=50)

Indicator Expression Day 1 Day 3 Day 7 Day 10 Day 14
0 - complete - - - 3 21
Degree of epithelialisation 1 -~ more than 50% - - 2 29 24
& P 2-25-50% - - 22 16 5
3-<25% 50 50 26 2 -
0 - continuous - - - 3 21
. L 1 - marginal and insular - - 6 16 29
Character of epithelialisat
aracter of epithelialisation 3 - marginal - 31 v 31 -
3 — absent 50 19 - - -
0 - none - - 5 12 19
1 - slight - 6 15 21 20
Infl h
nilammatory changes 2 - moderate 35 38 30 17 11
3 — severe 15 6 - - -
0 — none - - - - -
1 - slight - - - - 24
Skin itchi
i itehing 2 — moderate - - - - 22
3 — severe - - - - 4
0 - none 50 - - - 11
1 - slight - - - - 23
Relief i larit
eliel Irreguianty 2 - moderate - - - - 16
3 — severe - - - - -
0 - normal - - - - -
1 - moderate hyperaemia - - - - 23
Colour intensi
olour intensity 2 — severe hyperaemia 50 - - - 23
3 — purple-cyanotic - - - - 4

Source: compiled by the author

Analysis of the results in zone B showed a signifi-
cantly slower course of reparative processes compared to
the experimental area. Already on the 7t day, there were
no recorded cases of complete epithelisation, while most
wounds (52%, 26/50) remained at the level of 25-50% re-
stored surface, and in 26 patients (<25%) only initial signs
of healing were observed. Such a delay indicated insuffi-
cient stimulation of cellular and vascular repair mecha-
nisms under standard treatment, which caused the pro-
longed persistence of the defect. Only on the 10* day did
3 patients show complete epithelisation, whereas in zone
A, this figure reached 39 cases, which made the difference
fundamental. On the 14™ day only 42% (21/50) achieved
complete healing, while the rest continued to demonstrate
incomplete tissue restoration, which in the clinical con-
text meant the risk of infectious complications, the need
for continued inpatient treatment and increased cost of
therapy. The nature of epithelisation also confirmed the
delay in recovery: even on the 14" day, in the majority
of patients (29/50) the marginal or island type prevailed,
which reflects the fragmentary closure of the wound sur-
face. Complete restoration was recorded in less than half
of the cases, which indicated insufficient integration of
the cellular matrix and uneven epithelial growth. This cre-
ated the prerequisites for the formation of scar changes,
especially under conditions of repeated injuries or addi-
tional infectious load.

Inflammatory reactions persisted much longer than in
zone A. While at the beginning 15 patients had pronounced
changes, even on the 14" day 11 individuals retained

moderate manifestations, and complete absence of in-
flammation was recorded in only 19/50. Such dynamics
indicated insufficient control over the exudative phase of
the wound process and the likelihood of chronic inflamma-
tion, which is often associated with the formation of coarse
pathological scars. Subjective symptoms were also more
pronounced. On the 14™ day, almost all patients reported
itching: in 44% it was moderate, and in 8% severe. Such
intensity of itching is an indirect marker of active remod-
elling with increased proliferative activity of fibroblasts,
which is associated with the risk of hypertrophic scar for-
mation and impaired tissue elasticity. Morphological pa-
rameters of the quality of the restored skin were also less
favourable. In 32% of cases, significant surface unevenness
was recorded, whereas in zone A no such manifestations
were observed. This meant that standard treatment did not
ensure sufficient restoration of the dermal structure and
left a risk of cosmetic and functional defects. Hyperaemia
proved to be more persistent and pronounced. On the 14%
day, 23 patients still had pronounced hyperaemia, and in 4
more cases signs of purplish-cyanotic colouring were ob-
served, indicating stagnant phenomena in the microcircu-
latory bed and incomplete normalisation of tissue vascu-
larisation. This indicator reflected the insufficient maturity
of the newly formed vessels and the risk of secondary com-
plications, in particular hypoxia of the regenerated areas.
The overall analysis of the results in zones A and B re-
vealed significant differences in the speed and quality of
reparative processes. In zone A, where the Hyalual inject-
able implant was used, epithelisation occurred much more
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dynamically: already on the 7" day, 24% of donor surfaces
were fully restored, whereas in zone B none of the wounds
reached this level. On the 10™ day, 78% of patients in zone A
had complete healing, which strongly contrasted with 6% in
zone B. By the end of the 14-day observation, 100% of cases
in zone A were completely epithelised, while in zone B this
result was recorded in only 42% of patients. An important
factor was also the reduction of the inflammatory compo-
nent: in zone A, by the 14" day there remained only one case
of moderate inflammation, while in zone B these manifes-
tations persisted in 11 patients. Subjective symptoms also
differed: in zone A, itching was mild in 82% and moderate
in 18% of patients, whereas in zone B almost half (44%) re-
ported moderate and another 8% severe itching, indicating
a risk of scarring. Morphological signs confirmed the advan-
tages of the implant: in zone A, most patients had a smooth
surface, only 29% had minor or moderate changes, while in
zone B more than 78% retained deformations. Skin colour
normalised more quickly in zone A, where hyperaemia per-
sisted in 20%, whereas in zone B pronounced redness was re-
corded in 46% of patients, and another 8% had a bluish tint.

This indicates a higher quality of recovery in zone A. The
obtained results indicate that the use of an injectable im-
plant based on hyaluronic acid and sodium succinate in the
treatment of donor wounds after autodermoplasty ensured
faster and higher- quality epithelisation compared with the
standard approach. The drug contributed to a more ordered
course of regeneration, reduced inflammation intensity,
limited itching and improved morphological characteristics
of the restored skin. This makes it possible to consider it a
promising means for optimising the recovery of postopera-
tive wounds in clinical combustiology.

Morphological and biochemical bases of therapy
effectiveness. To assess the biochemical mechanisms un-
derlying the regenerative effect of the injectable implant,
the activity of key antioxidant enzymes — SOD and cata-
lase — was analysed. These enzymes play a leading role in
neutralising reactive oxygen species, reducing oxidative
stress in tissues and creating favourable conditions for cell
proliferation. The results of the study in zone A, where the
preparation based on hyaluronic acid and sodium succi-
nate was used, are presented in Table 3.

Table 3. Dynamics of antioxidant enzyme activity in zone A (n=50)

Indicator Evaluation point M Me SD Min Max
Day 3 9.11 9.1 0.79 7.8 10.5
SOD
Day 14 10.03 9.8 0.66 9.2 11.3
Day 3 28.2 28.2 1.36 26.2 30.8
Catalase
Day 14 36.6 36.9 1.64 33.2 38.8

Source: compiled by the author

The analysis of the data in Table 3 showed that in
zone A the activity of antioxidant enzymes increased
during the course of treatment, reflecting the biochemi-
cal prerequisites for accelerated wound healing. The SOD
level rose from 9.11+0.79 on the 3 day to 10.03+0.66 on
the 14" day. This meant that tissues more actively utilised
the superoxide radical, reducing oxidative stress and pre-
venting damage to cellular structures. At the same time, a
marked increase in catalase activity was observed - from
28.2 £ 1.36 to 36.6 = 1.64, which indicated the strength-
ening of detoxification mechanisms for hydrogen per-
oxide, one of the main by-products of metabolism. Such

dynamics were typical for tissues with a high level of pro-
liferative processes, since the effective functioning of the
antioxidant system created conditions for preserving cell
viability, active collagen synthesis and the ordered forma-
tion of new connective tissue. The obtained results explain
why in zone A regeneration occurred faster: the reduction
of oxidative stress and the increase of antioxidant protec-
tion contributed to a more harmonious course of repara-
tive processes. In zone B, where standard treatment was
applied, the dynamics of these enzyme changes reflected
less intense reparative processes. Detailed indicators are
presented in Table 4.

Table 4. Dynamics of antioxidant enzyme activity in zone B (n=50)

Indicator Evaluation point M Me SD Min Max
Day 3 7.24 7.1 0.75 6.1 8.8
SOD
Day 14 8.68 8.8 0.6 7.2 9.8
Day 3 25.8 25.8 1.33 23.2 27.8
Catalase
Day 14 27.4 27.4 1.12 25.2 29.4

Source: compiled by the author

The analysis of the data in Table 4 showed that in
zone B the activity of antioxidant enzymes also increased,
but it was less pronounced compared with zone A. The
SOD level increased from 7.24 +0.75 on the 3% day to
8.68 £ 0.6 on the 14™ day, which indicated some activa-
tion of superoxide radical neutralisation mechanisms. At
the same time, the values remained lower than in zone
A, which reflected less intensive metabolic processes and
weaker protection against oxidative stress. Catalase rose

from 25.8 +1.33 to 27.4+1.12, but such an increase was
minimal and did not ensure a sufficient level of hydrogen
peroxide detoxification. This meant that in the control
zone, tissue regeneration was accompanied by less ef-
fective antioxidant protection, which could lead to more
prolonged inflammation and slower formation of mature
granulation tissue. In general, the dynamics in zone B
confirmed the lag in the quality of biochemical recovery
mechanisms compared to the experimental zone. To com-
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prehensively characterise reparative processes, indicators
of the mitotic index and mitotic activity in donor wound
biopsies were analysed. These parameters reflect the

intensity of cell division and proliferation, which are key
for restoring damaged tissues. The obtained results are
presented in Table 5.

Table 5. Indicators of mitotic index and mitotic activity

Indicator Evaluation point Zone A (n=50) Zone B (n=50)
L Day 3 10.6+1.92 8.81%1.77
Mitotic index, %
Day 10 16.1+4.71 6.8+1.68
o Day 3 5.95+1.91 4.1+0.78
Mitotic activity, %
Day 10 7.28%2.54 5.1£1.63

Source: compiled by the author

The analysis of the data demonstrated that the dy-
namics of the mitotic index and mitotic activity directly
reflected the differences in the morphological mecha-
nisms of tissue restoration between zone A and zone B.
In zone A, an increase of the mitotic index to 16.1% on
the 10" day meant active proliferation of epithelial cells
and fibroblasts, which contributed to faster formation of
granulation tissue and subsequent organisation of mature
connective tissue. The increase of mitotic activity to 7.28%
indicated stable involvement of cells in division processes,
providing a sufficient pool of cells for collagen synthesis
and dermal structure restoration. This explains the more
orderly organisation of collagen fibres and the reduced
risk of pathological scarring in this group. In zone B, where
indicators tended to decrease (mitotic index — 6.8%, mi-
totic activity — 5.1% on the 10 day), the cell cycle was
less active. This meant that recovery processes proceed-
ed more slowly, with less intensive formation of new cells
and collagen synthesis. Morphologically, such dynamics
could lead to less mature and less organised connective

tissue, with a higher likelihood of coarse fibrous struc-
tures, which are a prerequisite for pathological scar for-
mation. Thus, the data confirmed that the implant ensured
a favourable microenvironment for cell proliferation and
morphogenesis of new tissues, whereas standard therapy
did not create sufficient conditions for such activity. At the
stage of fibrous connective tissue formation, morphologi-
cal differences between zones A and B were identified. In
biopsies from zone A, already on the 3-5% day, intensive
formation of thin collagen fibres was recorded in combi-
nation with numerous fibroblasts and a branched network
of capillaries. This indicated active remodelling of gran-
ulation tissue and the creation of conditions for a rapid
transition to the stage of mature recovery. In the control
zone B, the number of vessels was lower by 15-20%, and
the appearance of signs of fibrous tissue formation oc-
curred later (after the 6™ day), which potentially increased
the risk of delayed reparative processes and pathological
scar formation. Morphological characteristics of this stage
are shown in Figure 1.

Figure 1. Formation of fibrous connective tissue in zone A (34-5% day of treatment)

Source: obtained by the author

On the 10™-14" day in zone A, the final stage of the
reparative process was observed, characterised by the or-
dered formation of scar tissue. Collagen fibres had a more
mature morphological structure, were tightly oriented in
parallel bundles, which provided tissue with mechanical
stability. The vascular network was represented by indi-
vidual capillaries with signs of stabilisation of the walls,
and the cellular infiltrate was minimised, which indicated
the completion of the inflammatory stage and the transi-
tion to tissue remodelling. The obtained changes reflected
favourable conditions for the formation of a thin and elas-
tic scar without a tendency to hypertrophy. In zone B, the
tissue structure remained less organised compared with
zone A. Collagen fibres were arranged chaotically, were

predominantly thin and immature, which indicated an
unfinished process of the remodelling. The vascular com-
ponent was poorly developed: isolated vessels with signs
of lumen reduction were recorded, which reduced the
quality of tissue nutrition. In the intercellular substance,
a significant number of mesenchymal cells remained, and
compaction of the interfibrillar matrix was noted, which
created prerequisites for the formation of a denser and
more rigid scar. Such a combination of morphological
characteristics indicated a slower nature of regeneration
and less favourable conditions for tissue recovery. In con-
trast, in zone A the process ended with the formation of
a delicate and elastic scar, which corresponded to high-
er-quality repair (Fig. 2).
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Figure 2. Formation of scar connective tissue in zone B (10®-14™ day of treatment)

Source: obtained by the author

In addition, the tolerability of therapy was satisfactory
in both zones: throughout the entire treatment period, no
unforeseen side effects, acute complications or exacerba-
tions of chronic diseases were detected. In zone A, the in-
jectable implant was evaluated as well tolerated: no clin-
ically significant deviations in laboratory parameters or
pathological changes during objective examination were
recorded, and subjective complaints were limited to mild
itching, which was transient and did not require correction
of therapy. In zone B, tolerability also remained satisfacto-
ry, but on the 14" day 22 patients reported moderate itch-
ing, and in 4 cases it was severe, indicating a less favour-
able course of the reparative process. The obtained data
indicated that the use of an injectable implant based on
hyaluronic acid and sodium succinate contributed to the
activation of antioxidant enzymes, stimulation of cell pro-
liferation and more orderly formation of connective tissue.
In zone B, similar processes were significantly slower and
accompanied by a less pronounced antioxidant response.
This confirmed the important role of the preparation in
accelerating regeneration and improving the quality of do-
nor wound healing.

DISCUSSION

The obtained results confirmed that the use of an injecta-
ble implant based on hyaluronic acid and sodium succinate
ensured faster and higher-quality healing of donor wounds
compared to the standard approach. The use of the prepara-
tion was accompanied by more organised epithelialisation, a
reduction in the severity of inflammation, and the formation
of more elastic scar tissue. Morphological and biochemi-
cal studies indicated the activation of reparative processes
and the normalisation of tissue homeostasis. The tolera-
bility of therapy remained good, without the development
of clinically significant complications or adverse reactions.

In zone A, complete epithelialisation was achieved in
78% (39/50) of patients as early as on the 10 day and in
100% (50/50) by the 14'h day, whereas in zone B the corre-
sponding figures were 6% (3/50) and 42% (21/50). Inflam-
matory manifestations disappeared more quickly in zone
A, where on the 14™ day these manifestations persisted
only in isolated cases, while in zone B moderate chang-
es were recorded in 22% of patients. This correlated with
the data of S.F. Forghani et al. [15], who demonstrated
that hyaluronic acid-based gels accelerated the healing
of burn wounds in animal models. The results in zone A

confirmed these data and indicated the universality of re-
parative mechanisms under the influence of hyaluronic
acid. Similarly, G. Huerta-Angeles & E. Mixcoha [16] not-
ed that hyaluronic acid acted as a modulator of inflam-
mation and stimulated reparative mechanisms, which ex-
plained the faster normalisation of tissue homeostasis in
the present study. The analysis of biopsy samples showed
an increase in the mitotic index in the experimental zone,
indicating the activation of proliferative activity of cells.
This was consistent with the concept of stimulating cell
migration by biopolymer matrices [17]. In the review by
G. Kaur et al. [18], this very mechanism, crucial for rapid
recovery of damaged tissues, was highlighted. The quali-
ty of the scar formed was characterised by a more uniform
structure and less pronounced relief defects. A similar ef-
fect was demonstrated in the studies of A.M. Jorgensen et
al. [19], where the inclusion of hyaluronic acid in composite
biomaterials accelerated wound closure and improved the
quality of regenerated tissue.

The results of morphological analysis showed that
in zone A on the 10" day the mitotic index reached
16.1 £4.71%, whereas in zone B it was only 6.8 = 1.68%.
Mitotic activity was also higher in zone A (7.28 + 2.54%)
compared to the control (5.1 % 1.63%), which indicated a
pronounced stimulation of cell proliferation. These data
correlate with the results of the clinical study by H. Kim et
al. [20], which showed that topical formulations with ac-
tive amino acid- and hyaluronic acid-based components
contributed to reduced scarring and the normalisation of
cellular activity in patients with burns. Similar effects were
also observed in the present clinical observations, where in
zone A the formation of higher-quality granulation tissue
and a reduced risk of hypertrophic changes were record-
ed. The study by M. Miastkowska et al. [21] demonstrat-
ed that the gel form based on hyaluronic acid in combi-
nation with nanostructured carriers provided controlled
release of active substances, enhancing cell regeneration.
In the cohort of patients studied, an increase in prolifera-
tive activity of cells was also noted, which was confirmed
by morphological indicators and was consistent with the
mechanism of controlled release. In the clinical work of
R. Yildirim et al. [22], it was shown that the use of hyalu-
ronic acid-based dressings for the treatment of superficial
facial burns reduced healing time and improved the qual-
ity of newly formed tissue, which was consistent with the
higher indicators of mitotic activity in zone A. This gave
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grounds to consider that the effectiveness of the implant
in the treatment of donor wounds had common pathoge-
netic bases with the successful results of using dressings
in clinical practice. Similarly, A.F. Kamdem et al. [23] noted
the effectiveness of care protocols using hyaluronic acid
in children with second-degree burns, where faster recov-
ery and better tissue organisation were observed. In the
context of the obtained results, this indicated that Hyalual
contributed not only to rapid epithelialisation but also to
high-quality tissue remodelling, which was confirmed by
histological indicators.

The results of histochemical analysis demonstrated
increased activity of antioxidant enzymes in zone A, where
the average indicators of SOD increased from 9.11 to 10.03,
and catalase - from 28.2 to 36.6 conventional units be-
tween the 3" and 14" day. In zone B, these changes were
less pronounced: SOD increased from 7.24 to 8.68, and cat-
alase — from 25.8 to 27.4, which confirmed enhanced anti-
oxidant protection in the implant introduction zone. The
increase in antioxidant enzyme activity recorded in zone A
reflected more favourable conditions for tissue regenera-
tion. This effect was consistent with the data of S. Zhang et
al. [24], who emphasised that hyaluronic acid stabilised the
cellular microenvironment and helped reduce oxidative
stress, creating optimal conditions for cell proliferation.
The comparison of these results with clinical observations
confirmed that the antioxidant potential of hyaluronic acid
was a key factor in forming a favourable course of repara-
tive processes. Similar results were obtained by J.L. Sori-
ano-Ruiz et al. [25], who, when creating a thermosensitive
gel based on hyaluronic acid, found a significant decrease
in the level of reactive oxygen species, which explained
faster recovery of tissue structure. In the clinical work of
M. Maruccia et al. [26], the use of a dermal substitute based
on hyaluronic acid in patients with intermediate-deep
hand burns provided not only faster epithelialisation but
also a lower complication rate, which corresponded to the
results obtained in zone A. A similar dynamic indicated
the universality of the effect of hyaluronic acid, which was
not limited only to donor areas but was also manifested in
more complex clinical cases. The study of D. Yoon et al. [27]
showed that the inclusion of hyaluronic acid in collagen
matrices in patients with deep burns reduced inflammatory
manifestations and contributed to the orderly formation of
collagen fibres. The recorded increase in SOD and catalase
activity in zone A was directly related to the well-known
antioxidant properties of hyaluronic acid, which deter-
mined higher-quality healing results.

The results showed that in zone A by days 10-14 a del-
icate and elastic scar was formed, with a predominance of
mature collagen fibres and minimal cellular infiltration. In
contrast, in zone B a less organised structure with thin, cha-
otically arranged fibres, isolated vessels, and a tendency to
rougher scarring was observed. The obtained morphologi-
cal data were consistent with the conclusions of H. Yang et
al. 28], who proved that hyaluronic acid contributed to a
more ordered organisation of collagen fibres and reduced
the likelihood of pathological scar formation in the wound
healing process. These results confirmed the observations
of M.F. Graga et al.[29], who noted that the use of hyaluronic
acid-based dressings ensured tissue microrelief alignment,
reduced hyperaemia and the risk of hypertrophic changes,

which corresponded to even scarring in zone A. Similar re-
sults were demonstrated by R. Yang et al. [30], who reported
that injectable hyaluronic acid hydrogels stimulated angi-
ogenesis, activated fibroblast proliferation, and contribut-
ed to the formation of more mature and elastic tissue. In
addition, Y. Kawano et al. [31] showed that medium-mo-
lecular-weight fractions of hyaluronic acid exhibited the
greatest effectiveness in regulating the expression of genes
associated with collagen synthesis and extracellular matrix
remodelling, which ensured high-quality remodelling and
reduced the risk of fibrosis. The obtained data confirmed
that therapy with the addition of hyaluronic acid and sodi-
um succinate contributed to the formation of a delicate and
functionally complete scar, which had better morphologi-
cal characteristics than in the control zone.

In the study, the tolerability of therapy was assessed
as good: in the zone with the use of the injectable implant,
no clinically significant deviations in laboratory indica-
tors, pathological changes during objective examination,
or severe complications were recorded. Subjective com-
plaints of patients were limited to mild transient itching,
which did not require changes in the treatment regimen.
In zone B, the tolerability of therapy was assessed as sat-
isfactory, but in a significant proportion of patients on the
14" day itching persisted: moderate in 22 cases and severe
in 4, whereas in the experimental zone most participants
reported only mild transient sensations. This difference
may indicate a longer course of inflammatory processes
and less favourable regeneration conditions in the control
group. The obtained results are consistent with the data of
W. Baranska-Rybak et al. [32], who in the work emphasised
the need for careful monitoring of delayed reactions after
the use of hyaluronic acid preparations. In clinical practice,
this was of great importance, since even in the absence of
serious complications, monitoring of patients was required
for the timely detection of undesirable effects. The authors
A. Janovskiene et al. [33] in a systematic review also noted
that in most cases therapy with the use of fillers was safe,
and serious complications were rare. These observations
confirmed the general conclusion about a favourable safe-
ty profile, which coincided with the data obtained in the
experimental sample. The analysis of T. Tamura et al. [34]
on a large sample (more than 290 thousand cases) con-
firmed that the frequency of severe complications was low,
although attention was required in the case of non-compli-
ance with the administration technique. At the same time,
in the work of F. De Francesco et al. [35], it was shown that
hyaluronic acid when applied topically not only promoted
faster healing but also demonstrated a high safety profile
without significant side effects.

The obtained results of the clinical study confirmed
that the use of an injectable implant based on hyaluronic
acid and sodium succinate ensured significantly faster ep-
ithelialisation of donor wounds, contributed to the forma-
tion of mature connective tissue, and reduced the intensity
of inflammatory manifestations. Compared to the control
zone, better organisation of collagen fibres, higher levels of
antioxidant enzymes, and more pronounced proliferative
processes were observed. The tolerability of therapy re-
mained good in both groups, but in the control zone com-
plaints of itching were recorded more often, which reflected
less favourable recovery conditions. Taken together, these
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data indicate the high clinical and biological effectiveness
of the proposed therapeutic strategy in combustiology.

CONCLUSIONS

In the course of the analysis of clinical results, it was estab-
lished that the use of an injectable implant based on hya-
luronic acid and sodium succinate contributed to signifi-
cantly faster epithelialisation of donor wounds compared
to traditional treatment. By the 7 day in zone A, complete
epithelialisation was recorded in 12 (24%) patients, while
in zone B no case of complete healing was observed. By the
10* day, in the experimental group 39 (78%) wounds had
completely healed, and by the 14 day this figure reached
100%, whereas in the control zone complete epithelial re-
covery occurred in only 21 (42%) patients. The morpholog-
ical characteristics of wounds in zone A reflected a more
favourable course of the process due to faster organisation
of collagen fibres and a reduction of the inflammatory
component: pronounced manifestations, which at the start
were detected in 15 patients, completely disappeared by the
end of treatment, while in zone B moderate inflammation
persisted in 11 cases. The presence of itching in zone A was
mainly mild (41 cases slight and 9 - moderate), whereas in
zone B itching was slight in 24 patients, moderate in 22,
and severe in 4, which indicated a less qualitative course of
reparative processes.

The evaluation of morphological and biochemical in-
dicators confirmed the differences between the groups.
In zone A, an increase in the activity of antioxidant en-
zymes was noted: the level of SOD increased from 9.11 to
10.03 units, and catalase — from 28.2 to 36.6 units during
the observation period, while in zone B the increase was
less pronounced (SOD increased from 7.24 to 8.68 units,
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FicTonoriyHi Ta rictoxiMiuHi 3MiHU Npu NiKyBaHHI paH iH'EKUWiMHNUM
iMN1aHTOM Ha OCHOBI BUCOKOMONEKYJIAPHOI riaslypoHOBOi KUCNTOTU
Ta CyKLiHaTy HaTpilo: eKCnepuMeHTaNlbHe AOCNIA)XEeHHS

CeiTnaHa KopkyHaa

KaHaounpoat MeguyHmMx HayK, OOUEeHT

XapKiBCbKMM HaLioHaNbHUM MeOUYHUM YHIBEpCUTET
61022, npocn. Hayku, 4, M. XapkiB, YKpaiHa
https://orcid.org/0009-0002-4132-109X

AHoTauifi. MeToio po60Ty Oyia OIliHKa Pe3yabTaTUBHOCTI iH €KIIITHOTO iMIIAHTATY, IO MOEAHYE TiaTypOHOBY KUCIOTY i
CYKIIMHAT HaTPilo, 1J1s1 TPUCKOPEHHS perapaTUBHUX MPOIeCiB JOHOPChKUX paH Tic/s ayToAepMOIJIaCTUKY Y Malli€HTiB
3 TIMOOKUMU omikaMu. JocmimkeHHsT rpoBeneHo 3 1 ciuna mo 30 uepBHs 2014 poky y BiggineHni komo6ycrionorii
XapkiBcbKoi MequuHOI akageMii micISAUMIUIOMHOT OcBiTH Ha 6a3i MichKoi KIiHiUHOI JIiKapHi MBUAKOI Ta HEBiIK/IagHOI
poriomoru iM. mpod. O. I. MemjaHiHoBa, e y 50 maiieHTiB 3 AOHOPCHKUMMM paHaMM MiCIss ayTOLEepPMOIUIACTUKU
MOpPiBHIOBAIM e(PeKTUBHICTh iH €KIITHOTO IMIUIAHTATY TiaJlypOHOBOI KMCIOTU 3 CYKIMHATOM HATPil0 Ta CTAHIApTHOL
Teparii 3a KIiHiYHUMY, MOpQOIOTiYHMMM 71 6iOXiMiYHMMM TOKAa3HMKAMU. Pe3ynbTaTy oKasanm, o Bxke Ha 10-Ty o6y
TOBHE BiJHOBJIEHHSI CriocTepirasocs y 78 % marlieHTiB y 30Hi A (39 i3 50), Tozi K y 30Hi B 1eif MOKa3HUK CTaHOBUB
e 6 % (3 i3 50). lo 14-i nobu emitemisanisi 3aBepuryBanacs y 100 % BumazakiB y 30Hi A, mpotu 42 % y 30Hi B (21
i3 50). Mopdonoriuamnii aHasi3 MmokasaB BUIIMII MiTOTMYHMIA iHEKC Y 30HI A — 16,1 % mipotu 6,8 % y 30Hi B Ha 10-Ty
nmoby, 1m0 BimoOpaskajgo aKTUBHille KIITMHHE OHOBJIEHHS. BioxXiMiuHi MOCTimKeHHS MigTBepaMIM OiMbII BUpaxkeHe
3POCTaHHS aKTMBHOCTI KaTajasu y 30Hi A (3 28,2 1o 36,6) MOPiBHSIHO 3 KOHTPOJIbHOIO 30HOIO (3 25,8 mo 27,4). Py6iii y
30Hi A hopmyBanNcs HDKHMMM Ta eIaCTUUYHMMMU, TOAI SIK Y 30Hi B repeBakasu 1iiibHi 71 MeHIII OpraHi3oBaHi CTPYKTYPH.
[H’eXUiiHUI IMIUTAHTAT TiaTypOHOBOI KUCJIOTH 3 CYKITMHATOM HATPil0 MPUCKOPUB 3aTOEHHS Ta MOKPAIIMB SIKiCTh PYOIIiB
TIOPiBHSIHO 3i CTAaHJAPTHOIO Teparielo. OTpuMMaHi pe3yabTaTy MOXKYTb 6YTM BUKOPUCTAHI JikapsiMu KOMOyCTionmoramu,
TIACTUYHMMM XipypraMu Ta KIiHiyHMMM hapMakosoramMmu y MpakTMIli OiKOBUX IIeHTPIB i BiggisieHb peKOHCTPYKTUBHOI
Xipyprii Ay onTMMi3anii 1ikyBaHHS JOHOPCBKMX paH Mic/Is ayTOAEPMOIITIACTUKA

KniouoBi cnoBa: moHOpChKa Ai/ITHKA; pereHepariis; mpomidepaliist KJIiTMH; KOJIaTeHOBi BOJIOKHA; PyOITi; aHTMOKCUIAHTHi
(bepMeHTH; IEPEHOCUMICTD
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