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Abstract. Introduction. Between 250 and 280 thousand victims of deep thermal burns of the skin are registered annually in
the territory of the Russian Federation; in every 6 cases the victims are underage patients. The lethality rate in case of thermal
traumais 7.2%, but in case of extensive deep burns it reaches 13-14%. Early surgical treatment of patients with severe thermal
burns is an accepted standard and therefore the search for wound healing agents reducing the period of treatment and the risk
of infectious complications is essential. Objective. To evaluate the efficacy of carbopol hydrogel with injected silver nanopar-
ticles and HLDF6 peptide in the treatment of thermal burns of grade 1l skin in vivo. Materials and methods. The structure of
the work is represented by an experimental study. The work was performed on 50 male Wistar rats, with an average weight
of 230-250 g. The animals were divided into 5 groups depending on the applied concentration of HLDF6 peptide in Carbopol
2020 gel. Carbopol ETD 2020 hydrogel samples (0.5%) containing 0,00015% nano-silver and HLDF6 peptide with concentrations
0f 0%, 0,01%, 0,001%, 0,0001% and 0,00001% were used to evaluate efficacy. A planimetric method was used to assess the
dynamics of wound healing. The obtained data were subjected to statistical analysis using the Mann—-Whitney U-parameter.
Results. Application of 0,0001 and 0,00001% doses of the peptide HLDF6 demonstrated activation of the healing processes
on the 14 day of the experiment by 45,8% and 31,7% correspondingly (p<0,01), and also reduced the incidence of purulent
complications by 62,5% (p<0,05). The peptide concentration of 0,01% shows an increase in the duration of treatment, and
0,001%, no significant differences in comparison with the control and experimental groups. Conclusion. The use of low doses of
the HLDF6 peptide (volume concentration in the range of 10-4~10-%) in gel preparations in the treatment of deep thermal burns
of the skin shows high efficacy. Small concentrations of HLDF6 peptide allow significant activation of wound healing processes.

Key words: skin burn; human leukemia differentiation factor-6; silver nanoparticles; combustiology; reparative
regeneration; experimental study; traumatology-orthopedics; skin repair.
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Pestome. BeedeHue. Ha Tepputopun Poccuitckoin Peaepauum exerogHo peructpupyetcst ot 250 go 280 Thicay no-
CTpajaBLUMX C rryBOKUMK TEPMUYECKUMM OKOTaMU KOXM, B KaXA0M LIECTOM Cryyae TpaBMUPOBaHHbIMU ABASKOTCS
HEeCOBEPLUEHHONETHNE NaLMEHTbI. JleTanbHOCTb NpU TEPMUYECKOM NOpaxeHun cocTaBnseT 7,2%, HO npy 0BLUMPHBIX
rny6oknx oxorax MoxeT focturatb 3HaueHus 13-14%. Mpu3HaHHbIM CTaHLAPTOM NeYeHUst ABNSETCS paHHeEe Havarno
XVMPYPriveckoro BMELLATENbCTBA Y MaLMEHTOB C ryOOKMMI TEPMUYECKUMI OKOTaMu, YTO AeflaeT akTyasbHbIM MOMCK
PaHO3aXMBNSIOLMX CPEACTB, NO3BOMSIOLMX COKPATUTb CPOKM CTALMOHAPHOTO NEYEHUS 1 CHU3UTb PUCKW Pa3BUTUS UH-
(DEKLMOHHBIX OCNOXHEHMI. Ljenib — oueHnTb 3dpekTnBHOCTL rnaporenst Kapbonona ¢ BBEAEHHbIMM HaHOYaCTULaMK
cepebpa 1 nentnaa HLDF6 B neyeHnn Tepmmnyeckix oxoros koxu |l crenenm in vivo. Mamepuasnbi u memodsbl. CTpykTypa
paboTbl NpeAcTaBrieHa aKCnepuMeHTanbHbIM UccneoBaHmeM. Pabota BoinoniHeHa Ha 50 camuax kpeic nunmum Wistar,
cpegHeit maccoit 230-250 r. )KnsoTHble Obinn pa3aeneHbl Ha 5 rpynn B 3aBUCUMOCTM OT NPUMEHSIEMON KOHLEHTPALMK
nentuaa HLDF6 B rene Carbopol 2020. [1ns ougHkn 3¢hpekTMBHOCTI NpuMeHsinu obpasubl rugporenst Carbopol ETD
2020 (0,5%), conepxawiue HaHocepebpo 0,00015% v nentug HLDF6 ¢ koHueHTpaumammu 0%, 0,01%, 0,001%, 0,0001% wn
0,00001%. B npouecce paboTbl NpUMEHSNN NIAHUMETPUYECKUIA METOL OLEHKM SUHAMUKMN 3axVBReHus paH. [onyyeHHble
[aHHble nogBepranmn cTaTuCTUYeckoMy aHanuay ¢ npumeHeHnemM U-napametpa MaHHa-YuTHu. Pe3ynbmamel. B xopae
CCreaoBaHNs YCTaHOBIIEHO, YTO NpuMeHeHwe rens ¢ copepxanuem 0,0001 n 0,00001% pos nentuaa HLDF6 gemoH-
CTPUPYET aKTUBM3ALMIO NMPOLIECCOB 3aXnBNeHNUs Ha 14-e cyTku Ha 45,8% u 31,7% cooTtBeTcTBEHHO (p<0,01), @ Takxe
CHWXaeT 4acToTy pa3BUTUS THOMHBIX OCTIOXHEHUI Ha 62,5% (p <0,05). KoHueHTpauwmsa nentuga 0,01% aeMoHcTpupyet
yBenu4yeHue cpokos neyeHns, a 0,001% — oTcyTCTBME AOCTOBEPHBIX PA3NMYNiA OTHOCUTENBHO KOHTPOIBHOM U 3KCnepu-
MeHTanbHbIX rpynn uccnenoBanns. 3akmroyeHue. NprMeHeHne manbix o3 nentuaa HLDF6 (06bemHoi KoHLEeHTpaumen
B npepenax 104-10-°%) B cocTaBe reneBbIx NpenapaTos Npy NeveHnm riyGoKux TEPMUYECKNX 0KOrOB KOXM NoKasbiBaeT
BbICOKYI0 9 hekTUBHOCTL. Manble kKoHueHTpauun nentga HLDFG no3BonstoT CyLLeCTBEHHO aKTMBU3MPOBATbL NPOLECCHI
PaHO32XMBMNEHUS U CHU3WUTb YaCTOTY MHAEKLMOHHBIX OCHIOKHEHNI.

KnioueBble cnoBa: 0Xor KOXM; YeNI0BEYECKNA NENKO3HbIN (hakTop AuddepeHLMpoBKM-6; HaHovacTuLbl cepebpa;
kombBycTnonorus; penapaTuBHas pereHepauys; akcrnepuMeHTanbHoe UcCcneLoBaHue; TpaBMaToNnorus-opToneaus;
BOCCTaHOBMEHME KOXHOT0 NMoKpoBa.

INTRODUCTION

Skin injuries caused by thermal and chemical burns re-
main an important and topical issue of modern medicine, and
in particular of combustiology and traumatology [1, 2]. Be-
tween 250 and 280 thousand victims of deep thermal burns
of the skin are registered annually in the territory of the Rus-
sian Federation; in every 6 cases the victims are underage
patients [14]. The lethality rate in case of thermal trauma is
7.2%, but in case of extensive deep burns it reaches 13-14%
[1]. In the emerging socio-political situation, associated with
an increase in the number and scale of armed conflicts [3],

it is possible to assume an increase in the number of diffe-
rent wound healing agents [21], which are convenient to use
both inside and outside the hospital [7]. Modern tactics of
treatment of patients with burn wounds is a multidisciplinary
task and is carried out taking into account the features of
the pathogenesis of burn and its complications [11, 12,
17]. Thanks to the progress of medical science, pathoge-
netically substantiated methods of antibacterial therapy [9],
immunocorrection [8, 19, 20] and local treatment of wounds
[18] have been introduced. The accepted standard of early
necrectomy of deep thermal skin burns makes it necessary
to search for new means that can activate wound healing
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processes and reduce their overall treatment time [1, 13]. The
most promising new methods of treating superficial and deep
burns are biotechnological [10], including stem cell use [24],
complex tissue-engineered constructs based on biopolymer
matrices [23], populated with allogeneic and autologous cell
cultures [13].

One of the promising ways to improve the effectiveness of
treatment of patients with extensive deep skin burns involves
the use of growth stimulants and regeneration factors [4,
22]. In particular, this refers to epidermal, fibroblast, platelet-
derived, and vascular endothelial growth factors [15, 16]. This
principle is also true for the development of tissue-engineered
constructs [1, 13]. Growth factors and bioactive molecules
are introduced into the polymer matrix and onto its surface
in these constructs [4, 12].

One possible biologically active substance to be used may
be a peptide — human leukemia differentiation factor (HLDF)
[2, 4]. It was isolated from the culture medium of the HL-60
promyelocytic leukemia cell line in 1994 [5, 6]. It was found that
the HLDF factor induces differentiation along the granulocytic
pathway [6]. As a result of this factor, a six-membered peptide
fragment human leukemia differentiation factor-6 (HLDF6) was
discovered. HLDF6 peptide provides the ability of the full-length
factor to differentiate and inhibit cell proliferation, including
HL-60 [4, 5]. HLDF6 is also able to interact with membrane
lipids, enhancing the activity of cytokines, which participate in
the cell proliferation and differentiation [2]. One study showed
that HLDFG also increases the activity of oxidation-reduction
processes and enhances the metabolic activity of macro-
phages [4-6].

For effective delivery and control of the localization of the
HLDF6 peptide on the wound surface, it is proposed to use a
hydrogel of sparsely cross-linked acrylic polymers (carbopols),
in particular, easy-to-disperse (ETD) Carbopol 2020 [2]. They
form stable hydrogels that are thermally and chemically stable.
The work studied the use of a gel with various concentrations
of the target peptide [2]. High efficiency of wound healing
was revealed, which was expressed in the improvement of
planimetric and histological parameters. However, despite
this, a fairly high number of purulent complications in the
wound defect zone was also noted in all the studied groups
[2, 4]. In the study we plan to carry out, the samples used
were additionally modified with antibacterial agents, namely
nanodispersed silver, in order to create antibacterial proper-
ties in them.

AIM

The aim of the study is to evaluate the efficacy of
carbopol hydrogel with injected silver nanoparticles and
HLDF6 peptide in the treatment of third-degree thermal
burns in vivo.

MATERIALS AND METHODS

The structure of the work is represented by a prospective
experimental study. The work was performed on 50 male
Wistar rats, with an average weight of 230-250 g. Laboratory
animals were divided into 5 groups, 10 animals respectively
to study samples in each group.

Carbopol ETD 2020 hydrogel samples (0.5%) containing
0,00015% nano-silver and HLDF6 peptide with concentra-
tions of 0%, 0,01%, 0,001%, 0,0001% and 0,00001% were
obtained by reducing dissolved AgNO, in Carbopol ETD
2020 hydrogel solution containing HLDF6 peptide at a tem-
perature of 70 °C. Glucose was used as a reducing agent.

Description of the manipulations performed

Sevoflurane inhalation anesthesia was used in the
study. The animal was anesthetized by putting it in a special
induction chamber with sevoflurane vaporized at concentra-
tions of 4%. The surgical anesthesia stage developed over
5-10 minutes. After the animal was removed from the in-
duction chamber, anesthesia was maintained by inhalation
of concentration of 3% sevoflurane.

The animal was fixed to the operating table with ligatures
to simulate the defect. Surgical field preparation included:
depilation of the back area and marking a square in this area
measuring 4x4 cm. The area of the intervention zone was
16 cm?. After preparation, the surgical field was treated three
times with an alcohol-based antiseptic solutions. Then, the
temperature of the skin and the metal plate heated through a
resistive heating element were determined using an electro-
thermocouple sensor of the Electroline multimeter (China).
Exposure time was 10 seconds at a skin surface temperature
of 95-97 °C. Next, radical necrectomy to the fascia was
performed under aseptic conditions. An abdominal surgical
scalpel blade was used to make an incision 1.5-2 mm deep.
Then, using surgical tweezers and curved surgical scissors,
the dermis with a small thickness of the subcutaneous fat
was separated from the thoracolumbar fascia adjacent to it.
Large-diameter bleeding vessels were coagulated using a
coagulator. The resulting defect was washed with 0.9% so-
dium chloride solution at room temperature. After that, surgical
sutures that involve the skin and muscle were applied to fix the
wound edges. This was done in order to preserve the lesion
area, as well as to prevent premature closure of the wound
due to primary intension due to the anatomical and physio-
logical features of the structure of the skin and subcutaneous
fat of rats. Suturing was performed using atraumatic suture
material Monocryl 3-0 (Bbraun). A needle holder and surgical
tweezers were used for suturing. Sutures were applied at a
distance of 1 cm from each other.

After suturing, the affected area on the back of the experi-
mental animal was treated with the target agent. 1 ml of gel
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was applied to the wound as standard. Repeated application
of the gel was performed on the 7, 14 and 215t days.

Maintenance and withdrawal of animals
from the experiment

The maintenance of experimental animals was carried
out on the basis of the vivarium of the National Medical Re-
search Center for Pediatric Traumatology and Orthopedics
named after G.I. Turner, and it fully complied with GOST
33215-2014 and GOST 33216-2014.

High demands were placed on the cleanliness of the
conditions of maintenance, caused by the presence of mas-
sive skin injuries. Cleaning, washing and treatment of the
cages of experimental animals with disinfectant solutions
were carried out daily.

The animals were removed from the experiment on
the 28" day after surgery. The withdrawal procedure was
developed in accordance with paragraph 6.11 of GOST
33215-2014 and the Recommendations for euthanasia
of experimental animals of the European Commission. It
was an intravenous injection of 1 ml of lidocaine solution,
carried out under deep anesthesia, which led to sudden
cardiac arrest.

Disposal of laboratory animals and vivarium waste was
carried out within the framework of standard procedures for
disposal of Class B waste.

Evaluating treatment effectiveness

The effectiveness of the proposed treatment methods
and the general appearance of wounds were assessed by
photographing them once every 7 days. Visual examination
of wounds was performed daily. The nature of the exudate,
the presence and type of granulation, the time of scab re-
jection and healing of wound surfaces were recorded. The
wound area was determined using planimetric method of
L.N. Popov. This method involved applying a special film
material to the wound surface, outlining the wound edges
and then calculating the area either by transferring it to
graph paper or using technical means.

In addition, the wound healing index was calculated
using the following formula (Fenchin K.I., 1979):

(5-S,)-100
ST

where S is the wound area at the previous measurement,
mm? S, is the wound area at the current measurement,
mm?; T is the interval between measurements, days.

This index allowed us to quantitatively assess the dy-
namics of the wound healing process based on the plani-
metric evaluation data.

The reliability of the differences in the obtained results
was assessed using nonparametric analysis, namely the

Mann-Whitney U-parameter. On its basis, the value of the
reliability parameter p was determined. This method was
used because of the impossibility of applying a normal dis-
tribution and Student’s t-distribution due to the small number
of groups, caused by requirements of GOST ISO 10993-2014
Part 2 and ethical standards.

Statistical data processing and its visualization were
performed using the MS Excel, OriginR 2016 and Wolfram
Mathematica 11.0 software packages.

RESULTS

During the experimental work, the survival rate of animals
was 100% in all groups studied. The number of purulent
complications during the entire treatment period was 4 cases
in the control group, 1 observation in the group of gel-carrier
with the addition of silver nanoparticles. No significant chan-
ges in body weight in experimental animals were detected
throughout whole period of the experiment.

The results of the planimetric assessment of the wound
surface area are represented in Table 1.

Based on the results obtained, a reliable difference was
established between the groups of target gels (with the pre-
sence of the peptide in the range of 0.001 and 0.0001%) on
the 14" day compared to the control group. In addition, the
study revealed a reliable difference between the groups with
the minimum peptide content (0.0001 and 0.00001%) and the
gel group with 0.01% peptide content on the 14" day (p <0.05).
The best treatment effect from the standpoint of planimetry was
shown by the gel with silver particles and a peptide content of
0.00001%, both in comparison to control group and other gels
(p <0.05).

It should be noted that the moment of increasing the ef-
ficiency of the gel with a decrease in the peptide concentra-
tion was identified. These changes were most pronounced
by day 14, amounting to 84.3% of the wound area reduction

Table 1
Median values and interquartile ranges
for the obtained samples
7lh 1 4lh 21 th 28th
Group Value day | day | day | day
Gel + HLDF6 0,01% |Median,cm?| 11,39 | 6,2 | 3,26 | 1,32
IQR,cm? | 459 | 359 | 2,97 | 2,17
Gel + HLDF6 0,001% | Median, cm?| 9,36 | 3,46 | 1,93 | 1,33
IQR,cm? | 158 | 1,61 | 1,09 | 1,26
Gel + HLDF6 0,0001% |Median,cm?| 9,86 | 3,16 | 1,68 | 0,92
IQR, cm? | 2,57 | 112 | 1,76 | 0,76
Gel + HLDF6 Peptide |Median,cm?| 8,28 | 2,51 | 1,61 | 1,19
0,00001% IQR, cm? | 1,41 | 1,33 | 1,03 | 0,89
Gel (without HLDF6) | Median, cm?| 10,5 | 4,63 | 1,9 | 1,985
IQR, cm? | 3,075 | 3,12 | 1,48 | 1,49
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over 14 days in the group with the gel containing 0.00001%
peptide. In the control group, the wound area decreased by
58.7%, in the group with the gel containing 0.01% peptide —
by 61.3%, and in the group with the gel containing 0.0001%
peptide — by 78.4%, over the same period (p <0.05) (Fig. 1).

There was no significant difference between the two
groups with the lowest peptide content. Both groups showed
a significant improvement in the wound healing dynamics
on the 14" day, both when compared with the control group
without the addition of the peptide and in the group with its
maximum content.

At the same time, it is necessary to note the effect of
increasing the wound surface area on 28" day in the group
with a peptide content of 0.01% This is especially clearly
observed in the graph of the dynamics of the wound healing
indices (Fig. 2).

It is also possible to noted extremely high values of this
indicator for the period between the 7" and 14" days for
the groups with the lowest peptide content in the graph of
the dynamics of the wound healing indices. It should be
emphasized that the group with the highest peptide content
showed the worst wound healing index values among all the
groups studied and had a peak only on the 21%t day. At the
same time, the groups with a lower peptide content demon-
strated this peak on the 14" day of the study.

FINDINGS

1. The use of low doses of the HLDF6 peptide tested
proved to be the most effective for activating healing pro-
cesses on the 14™ day. Gels containing 0.0001 and 0.00001%
of the peptide studied had the most reliable (p <0.05 relative
to the control gel group without the peptide) and pronounced
differences on the 14" day of treatment.

2. Application of a gel with the highest peptide content
(0.01%) led to an increase in the treatment period and a
significant deterioration in the final results of the therapy. This
suggests a high degree of immunogenicity of such concentra-
tions of the peptide tested. The gel containing 0.001% HLDF6
peptide did not show reliable differences relative to either the
control group or other gels with the studied substance.

CONCLUSION

According to the results of the study, it is possible to
state the prospects of using low doses of the HLDF6 pep-
tide (volume concentration in the range of 10~10%) in
gel preparations in the treatment of full-layer wounds. Small
concentrations of HLDF6 peptide allow significant activating
of wound healing processes in the early period and redu-
cing the incidence of infectious complications.
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Fig. 2.  Graph of the dynamics of wound healing indices in experimental groups
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UcTouHunk domHaHcupoBaHus. OTCyTCTBYET.
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aTmyeckum komutetom OIBY «HMWL petckon Tpas-
maTonoruu u optoneauu um. .M. TypHepa» MuH3gpasa
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