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The results of the application of cold atmospheric plasma are discussed in the experimental study. The effectiveness of an
experimental wound dressing based on chitosan nanofibers and copolyamide and a commercial wound dressing material
based on hyaluronic acid hydrogel in the treatment of third-degree skin burns (/CD-10) is also evaluated. During the first
phase of the study, an original method of inflicting thermal burn on the skin of small laboratory animals (rodents) was de-
veloped. The temperature of dehaired skin and the temperature of skin heated by resistive electrical element metal plate
were obtained through a digital thermometer sensor. The source for the generation of cold atmospheric plasma was made
by specialists of St. Petersburg Polytechnic University of Peter the Great. Biopsy material for histological assay was taken
3,7,12,15,21, and 28 days after treatment. Paraffinic microscopic sectioning was performed with hematoxylin and eosin;
after this, microscopic assay was done. The use of cold atmospheric plasma decreases the frequency of purulent compli-
cations and also helps reduce the recovery time of the skin by 20% (p < 0.05) but is not sufficient to achieve the result
that has been proclaimed after an early escharectomy and replacement of surgical defects by wound dressing materials
based on natural polymers. It was demonstrated that the wound dressing based on aliphatic copolyamide and chitosan
and hyaluronic acid hydrogel can help significantly accelerate the process of reparative regeneration and histogenesis in
the heat-affected zone after escharectomy for up to 14.6%-46% (p < 0.05).

Keywords: deep thermal burns; cold atmospheric plasma; wound coverings; skin regeneration; aliphatic copolyamide;
chitosan; chitin nanofibrils; hyaluronic acid hydrogel.

BO3MOXHOCTb NPUMEHEHUSA HU3KOTEMMNEPATYPHON ATMOC®EPHOM
NAA3Mbl U BUONMONIUMEPHbIX PAHEBbIX MOKPbITU ONA NEYEHUA
0XXOroB KOXW III CTENEHU (SKCNEPUMEHTAJIbHOE UCCNTEQOBAHMUE)
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B cTatbe npuBepeHbl pesynbTathl NPUMEHEHUS HUM3KOTEMNEPATYPHOM XONOAHOW aTMoChepHOW NNasMbl, a Takxke paspa-
6aTbiBaeMblX NEPCNEKTUBHbIX PAHEBbIX MOKPbITUIA HA OCHOBE HAaHOBOJMIOKOH XMTO3aHa M CONOAMAaMUAA, KOMMEPYECKOro
ructeobrMonnacTMyeckoro Matepmana Ha OCHOBE FMApPOrens rManypoHOBOW KUCNOTbl Mpu NieyeHun oxoros koxu Il cte-
neHn (MKB-10) B skcnepumeHTe. B xone nepBoro stana uccnegoBaHus 6bina paspabotaHa opurMHanbHas MeToamKa Ans
BOCMPOU3BELEHUS TEPMUYECKOTO 0XOra KOXW Yy MeNKUX N1abopaTopHbIX KMBOTHbIX (TPbI3yHOB). YCTAHOBNEHO, YTO Npu-
MEeHeHWe HU3KOTEMNepaTypPHOW XON0A4HOM aTMOCHEPHOW N1a3Mbl MO3BONSET CHU3UTb YACTOTY Pa3BUTUA THOMHbBIX OCI0XK-
HEHMI, @ TaKKe CNocobCTBYeT COKPALLEHMIO CPOKOB BOCCTAHOBIEHUSI KOXHOro nokposa Ha 20 % (p < 0,05), HO He obe-
CneynBaeT AOCTUXEHUS pe3ynbTaTa, KOHCTaTMPYEMOrOo NOC/E BbINONHEHWUS PAaHHUX HEKPIKTOMMIA U 3aMelleHns fedeKkToB
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TMCTEONIaCTUYECKMMM MaTepManaMm Ha OCHOBE MPUPOAHbIX NMONMMepoB. [oKasaHo, YTO paHeBble MOKPbITUSA HA OCHOBE
annhaTMYeckoro ConoaMamMmaa M XMTo3aHa, a TakxKe rMaporens rmaaypoHOBOM KMCIOTLI MO3BOMAIOT JOCTOBEPHO YCKO-
pUTb NPOLLECCHI PENapaTMBHOM pereHepaLmnm U rmcTeoreHesa B 30He TEPMUYECKOTO 0XKOra KOXM MOC/NEe HEKPIKTOMMUMU Ha

14,6-46 % (p < 0,05).

KntoueBble cioBa: rny6oKne TEPMUUYECKME OXOMM KOXM; HU3KOTEMNEPATYpHas aTMocdepHas nias3Ma; paHeBbIE MOKPbLITUS;
BOCCTaHOBJ/IEHME KOXHOMO MOKPOBA; anndaTMyeckunit ConoanaMmua; Xuto3aH; HAHOGUOPUNNbLI XUTUHA; TMAPOTeNb T'Manypo-

HOBOW KWUCOThI.

INTRODUCTION

Modern tactics of treating burns are multidisciplinary,
and are implemented taking into account the pathogen-
esis of burn disease and its complications [1, 2]. Mod-
ern methods of treating deep thermal skin damages
do not allow for curing victims with critical lesions in
all cases, leaving several unresolved issues, primarily
in terms of choosing a quick and effective method of
restoring the skin in such lesions [3, 4, 9]. To date, at
burn hospitals, active surgical tactics are used in which
the basic framework is early necrectomy followed by
burn wound autothermografting [2, 10]. Prevention of
infection with burns is especially important [5, 12]. One
possible way to improve treatment results and increase
the effectiveness of methods for restoring the skin in
patients with extensive deep burns is the use of natural
polymers. These nanobiocomposite polymers are com-
bined with methods of physical impact on the wound
surface, in particular, the use of low-temperature atmo-
spheric plasma [6, 7, 11, 13, 15].

The biological effects of low-temperature low-
pressure atmospheric plasma include antimicrobial and
hemostatic effects, as well as stimulation of tissue re-
generation [8, 14]. The antibacterial action is due to the
damage to the cell wall and membrane of bacteria by
ultraviolet spectrum radiation and active radicals [14].
In contrast to the physical impact of existing methods
to arrest bleeding (electrocoagulation, argon-plasma
coagulation), low-temperature atmospheric plasma
does not damage tissues, but provides hemostasis due
to accelerated activation and aggregation of platelets
and formation of a fibrin clot. The issue of the direct
influence of a low-temperature low-pressure atmo-
spheric plasma on tissue regeneration in cases of dam-
age remains disputable [14, 16]. Some researchers
have noted the acceleration of fibroblast proliferation
in vitro under such exposure. Some reports have ex-
plained the stimulation of regeneration of damaged
tissues by the combination of antibacterial and hemo-
static effects of plasma [14, 16].

Thus, the current data suggest that the use of low-
temperature low-pressure atmospheric plasma can be
promising for the treatment of deep skin burns. We in-
vestigated the effect of low-temperature atmospheric
plasma and experimental wound coatings on reparative
histogenesis in deep skin burns.

MATERIALS AND METHODS

We studied 40 male Wistar-Kyoto rats weighing
230 to 250 g. All manipulations were performed with
the animals under general inhalation (ether) anesthesia
under aseptic conditions. Reproduction of a third de-
gree skin burn (ICD-10) was performed according to
our own original method (the rationalization propos-
al of the Military Medical Academy No. 14287/1 of
01/19/2016). After preparation of the surgical field, the
animal was fixed to the laboratory table. The area of
the burn was marked with a stencil of 16 cm? (10% of
the body area of the rat). On the depilated skin of the
animal’s back, the temperature of the skin and metal
plate heated through the resistive heating element was
determined using the electrothermocouple sensor of the
Electroline multimeter (China; Figs. 1, 2). The exposure
time was 10 seconds at a skin surface temperature of
95 °C to 97 °C (Figs. 3, 4).

To generate low-temperature low-pressure atmo-
spheric plasma, we used a device made by the special-
ists of the Department of High Voltage, Electrical Insu-
lation, and Cable Technology of the Institute of Energy
and Transport Systems of Peter the Great St. Peters-
burg Polytechnic University (SPbPU). The device can
be hand-held, and the contact of the plasma beam and
the biological object does not lead to an electrophysical
effect of the current. The device is powered by a con-
stant current source. The output voltage can be altered
to within 20 kV. The current source is connected in se-
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Fig. 1. Circuit of the heating element for reproducing the ther-
mal burn. 1, the heating element; 2, the thermostat;
3, the resistor; 4, the indicator lamp; 5, the main plug
Puc. 1. Cxema HarpeBaTeNbHOro 31eMeHTa Ans BocnpousBeae-
HUS TepMUYecKoro oxora. 1 — HarpeBaTenbHblit 3ne-
MeHT, 2 — TepMoperynsaTop, 3 — pe3uctop, 4 — namna
MHAMKATOPa, 5 — ceTeBas BMAKa
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Fig. 3.

Puc. 3.

T1

Fig. 2. Thermocouple circuit for high-temperature exposure
dosage. 1, measuring device; 2, connecting wires;
3, 4, thermoelectrodes

Puc. 2. Cxema TepMonapsbl A9 A03MPOBKMU BbICOKOTEMNepaTyp-
Horo Bo3geicTeua. 1 — usmeputenbHblit npubop, 2 —
CoeAMHUTENIbHbIE NPOBOAA, 3,4 — TepMO3NEKTPOAbI

Fig. 5.
Puc. 5.

Fig. 4. Skin of the rat after the reproduction of the third de-
gree burn

Puc. 4.Koxa kpbicbl nocne BocnpouseaeHusa oxora lll cre-
neHun

ries with a steel needle electrode (tip diameter, 50 um)
through a 120 MQ resistor (Fig. 3). When the genera-
tor is started, a plasma beam is generated between the
tip of the electrode and the biological object, which in
its physical essence is similar to a positive corona dis-
charge.

The animals were divided into five groups (eight in-
dividuals each) based on the method of treatment. In

group 1, necrectomy was performed 60 min after the Puc.6.
third degree burn (Fig. 5) to its fascia. Immediately
after necrectomy, the wound edges were fixed to the
subjacent tissues with interrupted sutures. Then, the
entire wound surface was treated with low-temperature

Puc. 6.

atmospheric plasma for 10 min. The distance between
the beam source and wound surface was 0.5 to 1 cm
(Fig. 6).

In groups 2 and 3, 60 min after the trauma, radical
necrectomy to the fascia and application of wound cov-

Needle electrode
HroneuaTsiii anekTpog

1S

Biological object
s BuonoruieckHin obbexT

Grounding electrode
3NeKTPOS 3a38MNEHHA

Generator circuit of low-temperature low-pressure at-
mospheric plasma

CxeMa reHepaTopa HU3KOTeMnepaTypHoii aTMocdepHoit
nnasMbl HU3KOTO AAB/IEHUS

Wound surface after necrectomy
PaHeBasi NOBEpPXHOCTb NOC/Ie BbINOJHEHUS HEKPIKTO-
MUm

WAL il »
Stage of the wound surface treatment with low-
temperature atmospheric plasma: 1, wound surface;
2, grounding; 3, cold atmospheric low-temperature
plasma beam; 4, handle of the device with insulation;
5, single musculocutaneous sutures to prevent con-
traction of wounds
3tan 06paboTKMU paHEBOIl NOBEPXHOCTU HU3KOTEMIe-
paTypHoii atMocdepHoi nna3moit: 1 — paHeBas no-
BEpPXHOCTb; 2 — 3a3eMJiIeHne; 3 — NY4YOK XONO[HOM aT-
MocdepHOii HU3KOTeMNepaTypHOU nnasMmbl; 4 — pyuka
annaparta c usonsaiumen; 5 — OAMHOUYHbIE KOXHO-Mbl-
WeYHble WBbI ANA NpeAYyNpPeXAeHUA KOHTPaKUUMU paH
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Fig. 7. Application of a wound coating based on aliphatic
copolyamide and chitosan

Puc. 7. AnnaMkaumua paHeBOro NoKpbITUS Ha ocHoBe anuda-
TMYECKOro COnoaMaMnAaa M XMTo3aHa

erings on the basis of natural polymers were performed
(Figs. 5-8). In group 2, the wounds were treated with the
use of experimental wound coatings based on aliphatic
copolyamide and chitosan produced by SPbPU (Fig. 7).
In group 3, the wound surface was replaced with wound
coatings based on the hydrogel of hyaluronic acid pro-
duced by LLC G-group, RF (Fig. 8). They were fixed
additionally with Dermabond skin glue (Germany).

In group 4, early necrectomy and wound treatment
were not performed (control). In group 5, early necrec-
tomy was performed without wound treatment (con-
trol 2).

The efficacy of the selected treatment methods was
evaluated and wounds were photographed every three
days. The wounds were inspected and the nature of the
discharge, and presence and type of granulation were
noted. The timing of rejection of the scab and healing
of wound surfaces was recorded. The wound area was
determined with the planimetric method of Popova, and
the healing index was calculated using the following
formula (Fenchin K.I., 1979):

(S-S, x 100
SxT

where § is the area of the wound at the previous
measurement in mm?, S is the area of the wound for
the given measurement in mm?, and 7 is the interval
between measurements in days.

Biopsy specimens for histological examination were
selected on days 3, 7, 12, 15, 21, and 28 of treatment.
The biopsy specimens were fixed in 10% neutral forma-
lin, followed by passage through ascending concentra-
tions of alcohol (30% to 100%) and poured into par-
affin. Paraffin sections were stained with hematoxylin
and eosin, and investigated further with light-optical
microscopy.

Fig. 8. Fixation of a wound coating based on hyaluronic acid
hydrogel

Puc. 8.Mukcauus paHeBOro NnoKpbiTUS Ha OCHOBE ruAporens
rManypoHOBOM KUC/IOTbI

Processing of the obtained results was conducted
in accordance with the conventional methods of varia-
tional statistics. P < 0.05 was considered indicative of
statistical significance.

RESULTS

Radical surgical necrectomy in the deep skin burn
zone without subsequent treatment led to a reduction
of the wound area to 8 cm? on day 21 (P < 0.05). The
regeneration process was accelerated by 8.6%, and by
day 28 the scar area was decreased by 10% (P < 0.05)
compared to the control group.

The process of regeneration in the deep zone of third
degree burns treated with low-temperature atmospher-
ic low-pressure plasma had significant special results.
On day 21 of the study, the wound area was reduced to
6 cm? in these animals (P < 0.05). Treatment of a burn
wound after early necrectomy resulted in acceleration
of the regeneration processes in the early postoperative
period by 20% (P < 0.05), and a reduction of the scar
area by 52.5% on day 28 of observation (P <0.05) com-
pared to the control group (Fig. 9, Table 1).

Early necrectomy and the subsequent use of wound
coatings based on aliphatic copolyamide and hyal-
uronic acid were more effective. When the defect was
replaced with chitosan and copolyamide coating at the
end of week 3 of the study, the wound area was reduced
to 2.8 cm? (P < 0.05) in these animals. On day 28 of
observation, the regeneration processes was accelerated
by 42.8% (P < 0.05) and the scar area was reduced by
65% (P < 0.05) compared to the control group. When
using hyaluronic acid-based coatings for wound closing
after necrectomy, on day 28 of observation, the wound
area was reduced to 5 cm? (P < 0.05) compared to the
control group, the regeneration processes was acceler-
ated by 14.3% (P < 0.05), and the scar area was reduced
by 71.3% (P < 0.05). By this time, the largest defect
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Cpoku HabntoaeHun, cyTku / Period of observation, days

—e—pynna koHTponsa (6e3 nedennsn) / Control group (without treatment)

H3 + neyeHune anndpatnyecknm cononnammaom m xutosaHom / NE+ treatment with aliphatic copolyamide and chitosan

H3 + neyeHwne ruaporenem rnanypoHosoii kucnotol / NE+ treatment with hyaluronic acid hydrogel

H3 + neyeHue HU3KOTEeMNepaTypHoi aTmocdepHoit nnasmoit / NE+ treatment with low-temperature atmospheric plasma

PaHHAA HekpakToMmA Bes nedeHns (koHTponb 2) / Early necrotomy without treatment (control 2)

Fig. 9. Dynamics of the burn wound area, taking into account the method of treatment
Puc. 9.luHamMuKa niowwanmn oXXoroBoi paHbl C y4€TOM METOAA lIeYEeHHUS

Table 1
Planimetric evaluation of wounds, taking into account the methods of treatment
Tabauya 1
MnaHnMeTpuyeckas oueHka paH C y4eTOM MeTOAMK leYeHus
Study groups Healing period, days Scar area, cm?
Control group 35+£29 5+0.1
Low-temperature atmospheric
+ +0.4*
plasma + NE 28 +£2.1 3.8+04
Chitosan-copolyamide + NE 20 + 3.4* 2.8+ 0.7%
Hyaluronic acid + NE 30 £ 0.8%* 2.1 +0.4*
NE without treatment (control 2) 32 + 1.6%* 45+0.8

Ipumeuanue: HD — uexpakromusi; * groctoBepro (p < 0.05) mo cpaBHEHHIO ¢ KUBOTHBIMH KOHTPOJBHOW IPYHIIBL; ¥* MOCTOBEPHO
(p <0.05) mo cpaBHEHUIO C XMUTO3aH-COMOJUAMHUJIOM MOCJIE HEKPIKTOMHUHU
Note: NE is necrectomy; * significant (P < 0.05) compared to the animals in the control group; ** significant

area (8 cm?) was noted consistently in the control group,
in which no treatment was performed.

The results of planimetric studies were confirmed
by a morphometric evaluation of the number of vessels
in the microcirculatory bed in the biopsy specimens by
the end of day 35 of observation. The analyzing index
was 46.2% greater in the animals that underwent sur-
gical necrectomy and subsequent treatment of wounds
with wound coatings based on hyaluronic acid hydrogel
(P < 0.05). An average of five microvessels occurred

in growing granulation tissues during wound treatment
with low-temperature atmospheric plasma (Fig. 10).
Early necrectomy without subsequent treatment result-
ed in an increase in the number of vessels by 13.4%
compared to the control group (P < 0.05).
Morphometric evaluation on day 35 of observation
showed that the thickness of the newly formed granu-
lation tissue in the defect area was 1145 um when the
wound surface was treated with low-temperature at-
mospheric plasma, which was 4.8% higher than that in
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Fig. 10. The number of microvessels in the field of vision considering the method of treatment
Puc. 10. Yncno MMKpPOCOCYAOB B Nosie 3peHUs C y4eTOM MEeToAa eueHus

Table 2

Thickness of newly formed granulations considering the method of treatment

Tabauua 2

TonwmHa HOBOOﬁpaBOBaHHbIX FpaHyﬂﬂLl,VIl‘;I C y4eToM MeToaa nevyeHna

Study groups

Tissue thickness, pm

Control group (without treatment)

1090.4 £ 25.9 ***

Treatment with aliphatic copolyamide and chitosan

1676.2 + 67.1 *, ***

Treatment with hyaluronic acid hydroalgel

1273.4 £49.7 *

Treatment with low-temperature atmospheric plasma

1145.1 +44.3 **

Early necrectomy (without treatment)

1100.4 = 71.7

Ipumeuanue: * gocroBepHo (p < 0,05) mo cpaBHEeHUIO ¢ KOHTpoOIeM; ** mocToepHO (p < 0,05) MO CpaBHEHHIO C XUTO3aHOM/COTIO-
JIMAMHJIOM TI0CJIe HEKPIKTOMUH; *** nmocToBepHO (p < 0,05) Mo cpaBHEHHIO ¢ THATYPOHOBON KHCIOTOH IMOCIIE HEKPIKTOMUU

Note: * Significant (P < 0.05) compared to the control group; ** Significant (P < 0.05) compared to chitosan/copolyamide after ne-
crectomy; *** Significant (P < 0.05) compared to hyaluronic acid after necrectomy

the control group (P < 0.01). Compared to the control
group, the thickness increased by 1% in animals that
underwent early necrectomy without subsequent treat-
ment, and by 17% and 37% in animals that underwent
early closure of the wound surface after necrectomy
and subsequent wound management using chitosan/co-
polyamide and hyaluronic acid coatings, respectively.
We concluded that the use of wound coverings ensures
earlier development of a full-fledged connective tissue
in deep thermal burn zone (Table 2).

CONCLUSIONS

Our results indicate that the use of low-temperature
atmospheric plasma without further application of
wound coverings enabled wound healing by day 28,
which corresponds to an acceleration of the regenera-
tion processes by 20% (P < 0.05) and a reduction of
the scar area by 52.5% (P < 0.05) compared to the con-
trol group. When using low-temperature atmospheric
plasma, earlier development of mature connective tis-
sue was noted in biopsy specimens, and the thickness
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of newly formed granulation tissues exceeded that of
controls by 4.8% (P < 0.01). Early necrectomy with-
out subsequent treatment resulted in a reduction of the
wound area on day 21 to 8 cm?, the regeneration process
was accelerated by 8.6% (P < 0.05), and by day 28 the
scar area was decreased by 10% (P < 0.05) compared to
the control group. The use of wound coatings based on
aliphatic copolyamide and chitosan in the deep thermal
burn zone after necrectomy resulted in complete wound
healing already by day 20, accelerating the regenera-
tion processes by 42.8% (P < 0.05), and decreasing the
scar area by 65% (P < 0.05). The use of wound coat-
ings based on hyaluronic acid hydrogel under the same
conditions resulted in a shortened healing time (14.3%,
P >0.05) and a decreased scar area (71.3%, P < 0.05).

The use of low-temperature atmospheric plasma
for treatment of third degree deep thermal skin burns
(ICD-10) is a promising method. Data from the litera-
ture indicate that the topical application of low-tempera-
ture low-pressure atmospheric plasma in the skin defect
zone allows for implementation of antimicrobial and
hemostatic action, and stimulation of tissue regenera-
tion. These phenomena are due to the generation of free
radicals, UV radiation, and charged particles [8, 14, 16].
Our results showed that the use of plasma in the deep
zone of third degree burns resulted in reduction of the
scar area by 52.5% (P < 0.05), but did not parallel the
result obtained after early necrectomy. Early necrecto-
my and one-stage wound surface closure with a wound
coating based on natural polymers reliably shortened
healing time. In the next series of experiments, we plan
to evaluate the efficacy of the combination of topical
application of plasma after necrectomy with the use of
wound coverings.

The work was supported by the grant of the Russian
Science Foundation No. 14-33-00003.
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