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ABSTRACT: We present results of an experimental evaluation of implementation effectiveness
of low-temperature air plasma of an atmospheric pressure arc discharge for treatment of third-
degree skin burns in laboratory rats. Thermal skin burns were produced by our own original
method, and efficacy was assessed daily. We found that the use of low-temperature air plasma of
an atmospheric pressure arc discharge permits accelerated final wound healing by 49% (p < 0.05)
and reduces incidence of purulent inflammation by 45.5% (p < 0.01).
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I. INTRODUCTION

According to a March 2018 World Health Organization assessment, 180,000 annual deaths
are the result of burns, with the vast majority of events occurring in low- and middle-income
countries. Nonfatal burn injuries occur mainly at home and in the workplace and are one
of the main causes of morbidity.'* The provision of assistance to this category of victims
requires a multidisciplinary approach, taking into account pathogenesis of burn disease and
features of the wound process that are typical for this type of damage.*

A system of active surgical treatment for seriously ill persons is recognized as gen-
erally accepted,’® but this approach has a number of disadvantages including a relatively
high frequency of lysis with autodermotransplants, inevitability of long-term treatment
and frequent dressings under anesthesia, high incidence of local and common infectious
complications and duration of the rehabilitation period.’

In addition to the traditional methods for restoring the skin of the victims with burns,
a variety of techniques for treating wounds such as ultraviolet radiation, ultrasound, and
magnetic laser therapy are based on various physical factors.® Such methods achieve an-
tibacterial proliferative effects that stimulate capillary blood flow and tissue metabolism
and improve microcirculation.’

A perspective physical method of wound-surface treatment is the use of plasma, which uses
an ionized high-temperature gas consisting of charged particles, free electrons, ions, chemical rad-
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icals, infrared light, and ultraviolet radiation.* In addition to temperature, electromagnetic fields
are an important factor in treatment with plasma components, but this can also damage the struc-
ture of cytoplasmic membranes of microorganisms and viruses, targeting their vital systems. !
The advantage of low-temperature air plasma of an atmospheric pressure arc discharge,
which produces complex effects (antimicrobial, hemostatic, and proliferative) is recognized
as promising for optimizing the processes of reparative regeneration during the wound pro-
cess. In a device that we developed,' the operating temperature of generated plasma varies
around + 50°C and does not damage viable tissues. An important feature of the proposed
method is the use of atmospheric air as the working gas. This method also ensures achieve-
ment of stable hemostasis without high-temperature damage of surrounding tissues, which
can occur with electro- or argon-plasma coagulation. We achieve hemostasis by accelerating
aggregation of platelets and formation of a fibrin clot. Treatment of the wound surface with a
plasma torch not only sterilizes the surface but also protects against environmental microbial
contamination that can result from the film formed from the nanolayer of coagulated protein.'?

II. MATERIALS AND METHODS

We performed the experiment using 44 male Wistar Kyoto rats weighing 230-250 g.
Total experiment duration was 40 d. All manipulations with animals were performed
under inhalational anesthesia in aseptic conditions, following provisions of the Helsinki
Declaration of the World Medical Association.

Third-degree skin burns were produced according to our method, depicted in Fig. 1. An
iron plate with a constant temperature of 100°C was applied to the skin of the rat through
wet gauze for 10 s, and plasma was generated by our original device (Fig. 2). The developed
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FIG. 1: Operation of a beam of low-temperature air plasma of an atmospheric pressure arc discharge
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FIG. 2: Development of plasma-generation device

plasma generator, with a 100-mm torch diameter, allows a combined direct action of the
plasma substance on the surface with the therapeutic effect of nitric oxide.

All animals were divided into four groups (11 individuals in each group), taking
into account choice of method for local treatment. The first group (control) had no treat-
ment, the second were treated with wet-drying dressings using solutions of antiseptics,
the third group had bandages applied with the multicomponent antibacterial ointment
levomekol, and the fourth group’s postoperative wounds were treated with a low-tem-
perature atmospheric low-pressure plasma, with the generation of a film nanolayer.

On a daily basis, we carried out effectiveness evaluation of the analyzed methods of
wound treatment. We used the planimetric method proposed by L.N. Popova to determine
wound area and calculated healing index using the formula developed by Fenchin in 1979

(S—S.) x 100
SxT,

where S is the wound area at the previous measurement of 2 mm, S is the area of the
wound at the given measurement of 2 mm, and T is the interval between measurements
in days.

Selection of biopsy specimens for histological examination was performed on the
second, ninth, 15th, 21st, 35th, and 40th days of treatment. We processed obtained re-
sults in accordance with the generally accepted method of variational statistics, and the
reliability criterion was p < 0.05.
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[1l. RESULTS AND DISCUSSION

We found that the local treatment agents produced different wound-healing effects. Re-
sults of a comparative evaluation of the time required for final healing of experimental
wounds, depending on treatment method, are given in Table 1. Table 2 shows the fre-
quency of purulent complications that occurred during the wound process, and the data
in Table 3 allow us to conclude that the smallest scar area occurring after final healing
of experimental wounds was observed in the group of animals treated with the use of
low-temperature air plasma of the arc discharge (the fourth group).

TABLE 1: Planimetric evaluation of wound-healing processes in study groups

Group Treatment time (d)
First 35+2.5
Second 28+ 1.7
Third 24 +£2.1°
Fourth 18 +1.2F

"Differences from first group.
fCompared to first, second, and third groups; p < 0.05.

TABLE 2: Frequency of purulent complications in wound process of study groups

Group Frequency of infectious complications (%)
First 545+1.8

Second 272+23"

Third 182 £1.27

Fourth 9%*

"Differences from first group.
fCompared to first and second groups.
{Compared to first, second, and third groups; p < 0.05.

TABLE 3: Area of scar formed after wound healing of study groups

Group Rumen area (cm?)
First 12+14

Second 9+0.8

Third 7+1.17

Fourth 4+0.5°

"Differences from first group.
fCompared to first, second, and third groups; p < 0.05
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We revealed that during treatment of burn wounds by low-temperature air plasma
of atmospheric pressure arc discharge, final healing begins on the 18th day of observa-
tion, which is 49% faster (p < 0.05) than that in the first group of animals (no treatment).
When dressings with solutions of antiseptics and levomecol (third group) were used,
the defect contraction was marked on days 28 and 24 of the study, respectively. In the
control group (no treatment), wounds healed independently after 35 d of observation.

Burn wounds are obligately contaminated with a wide spectrum of pathogenic mi-
croflora that cause a pronounced inflammatory reaction and a consequently complicated
course of the wound process. During the experiment, nine cases of purulent inflamma-
tion of various degrees of severity were noticed in the observation groups.

In a histological study of wound biopsy specimens, we found that in animals receiv-
ing no treatment, by the 15th day of observation of the experimental wound area, a large
wound defect with abundant purulent exudate on its surface was present. The use of
wet-drying dressings with solutions of antiseptics and levomekol ointments did not sig-
nificantly optimize the course of the reparative regeneration process. In the first group,
examined on the 15th day of the study, the wound was represented by a large defect, at
the bottom of which fibrous connective tissue was located that contained diffuse, mildly
expressed lymphohistiocytic infiltration and focal impurity of neutrophilic leukocytes.

The greatest intensity of the early processes of reparative regeneration was noted in
the group of animals whose wounds were treated with an air plasma stream. Histologi-
cal analysis of biopsy specimens taken on day 3 showed the wound surface to be repre-
sented by a thin strip of 50—70-nm thick formed film from the coagulated protein of the
wound exudate (Fig. 3). By the 15th day of the experiment, the nanofilm on the surface
of the wound completely broke away. On the periphery of the wound, the epithelial shaft
was actively visualized and spread to the mature granulation tissue. No edema formed,
and weakly expressed, diffuse, lymphocytic, neutrophilic inflammatory infiltration oc-
curred (Fig. 4).

TP

FIG. 3: Rat skin in fourth group on day 3 after third-degree burn. Visible are areas of protein
nanofilms and dermis with moderate leukocyte infiltration. Stained with hematoxylin eosin
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FIG. 4: Rat skin in fourth group on day 15 after third-degree burns. Visible is mature granulation
tissue with active marginal epithelialization. Stained with hematoxylin eosin

Thus, implementation of low-temperature air plasma arc discharge of atmospheric
pressure, compared to traditional treatment methods of burn wounds, optimizes the
course of the wound process and as a result reduces healing time and area of the scar.
The thin biological film formed from the nanoscale of the coagulated proteins of the
wound exudate of the protein that was formed during treatment by plasma flow on the
wound surface proved to be an effective barrier—an epidermal prosthesis so to speak—
protecting the wound from drying out and secondary contamination.

IV. CONCLUSIONS

Our study showed that the use of low-temperature air plasma of an atmospheric pressure arc
discharge is a promising technique for burn treatment that optimizes the wound process in the
area of skin defects, including that of deep burns. The application of this technique accelerates
the process of wound regeneration by 49% and reduces the area of formed scar by 67% (p <
0.05). Treatment of the wound with low-temperature air plasma of the atmospheric pressure
arc discharge after early surgical necrectomy allows generation of a 50—70-nm nanofilm from
the coagulated protein layer of wound exudate as well as cell fragments that are impermeable
to microorganisms and have selective vapor and moisture permeability on the wound surface.
Plasma treatment and film formation reduces contamination of wounds by pathogenic micro-
flora and prevents drying out, thus reducing frequency of purulent complications.
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