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ABSTRACT 

 
Helium non-thermal atmospheric pressure plasma is now increasingly widely used in medicine for the 

disinfection of wounds, local treatment of cancer and skin diseases of bacterial nature. The inhibitory effect of 
non-thermal plasma on the growth of microorganisms with simultaneous stimulation of proliferation of wound 
skin cells was shown. The aim of this study was to determine the effect of helium plasma jet atmospheric 
pressure on the morphophysiological properties of bacteria and bacterial biofilms in infected skin wounds of 
animals. For the generation of non-thermal plasma, the author's development of a barrier discharge source 
was used. Experiments were carried out on white mongrel mice. Antimicrobial and wound healing activity of 
non-thermal  plasma was determined at the electron microscopic level. As a result of the impact of non-
thermal  plasma on the skin wounds of animals shows the microbial death on the surface and in the thickness 
of the scab, as well as the absence of bacterial biofilms in the upper layers of the wound surface. 
Keywords: non-thermal plasma; barrier discharge; helium plasma jet; infected wounds; antibacterial 
properties; bacterial biofilms; electron microscopy; wound healing. 
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INTRODUCTION 
 

In recent years, the range of applications of non-thermal atmospheric pressure plasma (NTAPP) in 
Biomedicine has been expanding worldwide: in wound healing, blood coagulation [1], angiogenesis 
suppression [2], cancer treatment [3, 4] and inhibition of microbial growth [5, 6] and viruses [7]. Most studies 
revealed positive effects of non-thermal  plasma on skin healing in acne [8] and eczema [9], chronic lower limb 
ulcers [10, 11], burns [12, 13], as well as in complicated skin wounds in diabetes [14, 15]. However, the deep 
mechanisms of interaction of non-thermal plasma with living cells or tissue are still far from complete 
understanding. At the present time of research it is shown that plasma induces migration and proliferation of 
fibroblasts [16], promotes proliferation of endothelial cells [17] and keratinocytes [18], and stimulates the 
growth of epithelial cells [19]. The revealed effects are similar to the observed changes in the natural process 
of wound healing. That is why plasma therapy can be a promising new applied treatment for chronic and 
infected wounds. 

 
This study is one of the few in which the effect of non-thermal plasma on skin wounds at the electron 

microscopic level was analyzed. To compare the wound healing process in plasma-treated and control 
samples, morphometric parameters were measured, which were used to estimate the reduction of the wound 
zone during the specified period of time. 
 

MATERIALS AND METHODS 
 

To study the impact of NTAPP on the skin wounds of animals used the model of the complicated course 
of the wound healing process in mice on the background of immunosuppression caused by intramuscular 
introduction of hydrocortisone in the dose of 25 mg/kg of body weight during 7 days of experiment, for the 
first time the day before the injury [20]. The study used 32 mongrel white male mice aged 7-8 weeks and 
weighing 20-22 grams (laboratory animal nursery “Rappolovo”, Russia). Mice were divided into two groups of 
10 individuals each. In the experimental group on the first, second and third days of the experiment skin 
wounds were treated with non-thermal  helium plasma. Skin wounds were applied with a dermo-punch skin 
biopsy stylet with a diameter of 5 mm ("Sterylab", Italy). The procedures were performed in accordance with 
the requirements of international standards of work with experimental animals.  

 
To infection of skin wounds used gram-positive bacteria  Staphylococcus aureus 6 and gram-negative 

bacteria Pseudomonas indica 3 from the collection of Institute of Epidemiology and Microbiology named after 
N. F. Gamalei. Bacterial cultures were grown in liquid nutrient medium - broth BHI (Brain Heart Infusion Broth, 
"GibcoDiagnostics", USA). All bacteria were incubated under aerobic conditions at 37° C for 18-24 hours. Those 
wounds were made in 0.1 ml suspension of S. aureus 6 and  P. indica 3 in the amount of 1х108 CFU/ml.  

 
A NTAPP source based on the atmospheric pressure barrier discharge in the helium stream was used to 

treat skin wounds [21].  The treatment was carried out for 4 minutes at an average discharge power of ~200 
mW on the first, second and third day of the experiment. The distance to the wound surface was about 3 cm 
Mode of operation of the plasma source and the processing conditions were chosen based on earlier 
experiments on cultures of bacteria [22]. 

 
Biopsy of wounds was performed on the third and sixth days of the experiment. For electron 

microscopic studies using transmission electron microscopy (TEM), the material was prepared by the author's 
method [23]. The finished preparations were examined in a transmission electron microscope JEM-100C (JEOL, 
Japan). 

 
Throughout the experiment, the wounds were photographed daily. The resulting images were 

transferred to a computer, calibrated and measured the area of wound lesion using the program Scion Image 
(NIH, USA). After that, we calculated the change in surface area for each day (as a percentage of the original 
area) and the rate of these changes (mm 2 per day). The results were expressed as a percentage of the original 
area. 

 
Statistical processing of the data was performed using the program Statistics 19. Compliance with the 

normal data distribution was analyzed using the Shapiro-Fork test (p> 0.05). Repeated measures analysis (to 
compare data in each group) and independent t-test (to compare data between two groups) were used to 
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measure wound area.  The parameters were also compared between the groups using the variance analysis 
(ANOVA) followed by the Tukey test.  Differences with p <0.05 were considered statistically significant. 

 
RESULTS AND DISCUSSION 

 
Morphometric analysis 

 
Morphometric analysis was used to study the rate of healing of skin wounds. It is shown that the 

state of immunosuppression, induced by the hydrocortisone injections, as well as the additional infection of 
the above - mentioned factors with gram-positive bacteria S. aureus 6, and the gram-negative bacteria P. 
indica 3 of the experiment, led to a significant decrease in the rate of the defect from the first to the third day 
of the experiment. In mice of the control group, by the third day of the experiment, the wound defect area 
was (67±5)% (n=8) of the initial wound area. In the group of animals after hydrocortisone administration 
wounds with area (69±5)% (n=8) were registered, after infection (63±5)% (n=8) and with simultaneous 
hydrocortisone administration and infection  (77±5)% (n=8). Differences in the rate of wound healing in the 
study groups began to appear on the fifth day of the experiment. Measuring the area of the wound defect in 
the morphometric study showed that the rate of wound healing to the greatest extent was reduced by 
simultaneous administration of hydrocortisone and additional infection: mice of this group the area of the 
wound area was (82±5)% (n=8) from the original area of the wound, which was confirmed by the development 
of immunosuppression and complication of a wound process. While the animals of the control group had the 
best healing and wound area (45±5)% (n=8). Animals in the groups with hydrocortisone administration were 
characterized by the presence of wounds (63±5)% (n=8), with additional infection (59±5)% (n=8). 

 

 
 

Figure 1: Dynamics of wound surface healing in mice of different experimental groups: wounds treated with 
non-thermal plasma (A), introduction of hydrocortisone (B), infection of wounds (C), simultaneous 

introduction of hydrocortisone and additional infection of wounds (G). 
 

* - p<0.05 relative to other groups on the sixth day. 
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Morphometric analysis of the wound area in the group of animals after treatment of skin wounds with 

non-thermal plasma did not reveal a statistically significant decrease in the rate of reduction of the wound 
defect until the sixth day after the wound. However, the rate of wound healing in the groups treated with non-
thermal plasma was higher than in the groups without treatment (Fig.1A).  

 
When animals were administered hydrocortisone, the area of NTAPP treated wounds was (33±4)% 

(n=16), which practically corresponded to the control parameters (30±3)% (n=16)). The wound healing area in 
untreated animals was (56±5)% (n=16) (Fig.1 B). This trend continued in the treatment of NTAPP of infected 
wounds: on the sixth day of observation, the area of plasma-treated wounds was comparable to the control 
parameters and was (21±2)% (n=16) less than the area of untreated plasma wounds (Fig.1B). 

 
With the combined action of hydrocortisone and bacterial infection, wound healing significantly 

worsened in both plasma-treated and untreated NAPAD wounds and was on the sixth day of the experiment 
(57±5)% (n=16) and (72±6)% (n=8), respectively. In animals of the control group on the sixth day were 
observed wounds area (31±7)% (n=16). 

 
Comparative electron microscopic analysis of ultrathin structure of wounds 
 

Morphophysiological properties of tissues of skin wounds of mice were investigated on ultrathin 
sections by transmission electron microscopy. On the third day of the experiment, a significant number of 
destroyed bacterial cells located in the form of fragments of bacterial biofilms between multilayered horny 
scales were detected in the wound tissues of mice with additional infection against the background of 
hydrocortisone application. At the same time, a significant area of unstructured epidermal tissue under the 
Horny scales revealed a violation of the tissue healing process in this area of wounds (Fig. 2A). 

 

 
 

Figure 2: TEM. Ultra-thin slice of area infected (A) and uninfected (B) the wounds of mice in the region of the 
edges of the wound on the third day of the experiment. Designations: HS-horn scales, LBC-lysed bacterial 

cells, DC-degenerating cell. Marker length-1 µm 
 

On the ultrathin section of the fragment of an uninfected wound from the control group, multilayered 
forming scales are visible. Between the scales are a small number of destroyed bacterial cells. Under the 
scales, structured cells-degrading cells of the granular layer of the epidermis (Fig. 2B). 

 
In the study of ultrathin sections of wound preparations treated with  NTAPP, on the third day of the 

experiment, no significant differences in the structure of cells of the growing epithelium in the tissues of 
animals of all the studied groups were revealed (Fig. 3). Epidermal cells had an irregular or rounded shape, the 
cytoplasm contained a large nucleus with heterochromatin. The cells also revealed a light zone of cytoplasm 
containing free ribosomes. The results of the study of the ultrathin structure of cells of the growing epithelial 
layer showed a high level of their biosynthetic activity. 
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Figure 3: TEM. Ultrathin section of the mouse wound area of the experimental (A) and control (B) groups in 
the region of the wound edge on the third day of the experiment. The magnification of ×6000. Designations: 

KN – keratinocyte nucleus, SW – scab wound, D – desmosomes, RBC – remnants of bacterial cells. Marker 
length-1 µm 

 
Abundant growth of physiologically active bacterial cells and their clusters in the form of colonies 

forming biofilms on the third and sixth days of the experiment was noted on the surface, in the thickness of 
the scab and under the scab in the control group (Fig. 3B). The obtained data showed the active formation of 
biofilms on the background of immunosuppression by hydrocortisone. On ultrathin sections of wound 
fragments from a group of mice after treatment with non-thermal  plasma on the third day of the experiment, 
destroyed bacterial cells were detected in the form of bacterial cell wall residues located between the layers of 
Horny scales. In the thickness of the scab on the sixth day of the experiment, clusters of destructured bacterial 
cells were detected, while in the thickness of the Horny scales, lysed bacterial cells alternating with oval-
shaped voids remaining after the destruction of bacteria and filled with cellular detritus were also detected. 
Development and distribution of bacterial biofilms between Horny scales after exposure to non-thermal  
plasma was not noted, which may indicate its bactericidal effects. 

 
On the sixth day of experiments in the perinuclear zone of granular tissue cells in the experimental 

group of animals noted multiple large inclusions of irregular shape with high electron density, located in the 
form of a chain, in all probability, representing keratogialin granules (Fig. 4A). Also, the cells had a large 
number of desmosomes arranged in a row. Thus, the comparative analysis of ultrastructural organization of 
tissue samples of control and experimental animals testified to a sufficiently high level of metabolic activity 
and differentiation of cells under the influence of NTAPP. In the control group keratogialin granules were 
expressed to a much lesser extent (Fig. 4B). 

 

 
 

Figure 4: TEM. Ultrathin section of the mouse skin after exposure to non-thermal plasma (A) and mouse 
control group (B) on the sixth day of the experiment. Granular layer. Increase ×5000. Designations: KN – 

keratinocyte nucleus, KG – keratohyalin granules, HS – horny scales. Marker length-1 µm 
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CONCLUSION 
 

The results of the study showed that the effect of non-thermal  plasma on the wound surfaces can 
positively affect their healing. The obtained data indicate the acceleration of the healing process of 
complicated wounds under the influence of NTAPP in contrast to the control samples. Under the action of cold 
plasma of particular note are revealed electron-microscopic methods not only antibakterialnuyu activity in the 
biofilm, but also the attributes of an effective re-epithelialization of the tissues in the wounds.  

 
Confirmation of the results can serve as a comparison with the data presented in the studies of 

Nasruddin N. et al. [24] and Ngo Thi M.-H. et al. [25] on the ability of cold plasma to accelerate re-
epithelization of complete and burn wounds. Moreover, the influence of cold plasma on the acceleration of 
angiogenesis as an important physiological factor of wound healing is reported in the work of Haerte et al. 
[18]. The authors suggest the ability of plasma-produced reactive oxygen species to induce angiogenesis and 
epithelialization by increasing cell proliferation and migration. Therefore, the applied use of non-thermal  
plasma can be expressed not only as a strategic impact on bacterial biofilms in inflammation of wounds, but 
rather as a significant optimization factor in the care of chronic complicated wounds.  

 
This assumption is based on observations obtained in the course of experiments, taking into account 

the comparative analysis of inflammation in wounds treated with cold plasma, and control samples. Analysis of 
the data obtained in all the studied groups leads to the conclusion that in the early stages of wound healing 
(the third day since the beginning of treatment of NTAPP ) found approximately the same patterns of the 
dynamics of the wound healing process. Thus, for the first time, on the basis of electron microscopic studies 
found that the effect of non-thermal  plasma has no significant effect on the early stage of the inflammatory 
process in the wounds. On the sixth day since the formation of wounds, the inflammation index in the treated 
cold plasma zone significantly decreased compared to the control samples. These observations confirm the 
assumption that non-thermal  plasma causes a more active acceleration of wound healing in the late phase of 
inflammation. Similar results are given in the work of Nasruddin et al., where the hypothesis of the connection 
of this event with the proliferative effect of non-thermal  plasma and, in accordance with this, the early 
appearance of myofibroblasts in wounds [24] is put forward. 
 

The present study showed stimulation of the wound healing process by non-thermal plasma treatment, 
and it was found that the rate of wound closure significantly increased, compared with the control, by the 
sixth day from the beginning of the wound appearance. The authors of the article of Jacofsky M. C. put 
forward such assumptions, however, in this work there are no morphometric analysis data confirmed by 
electron microscopic studies [12]. 
 

SUMMARY 
 

Electron microscopic studies have shown that the effect of NTAPP  on the skin wounds of animals 
leads to the death of bacteria on the surface of the wound and in the thickness of the scab, and prevents the 
development of bacterial biofilms in the upper layers of the wound defect. 
 

The lowest rate of regeneration of the wound defect in animals was observed on the third day of 
exposure to NPA with the combined use of immunosuppression caused by the introduction of hydrocortisone 
and infection of the wound.  
 

At the ultrastructural level, the appearance of large inclusions of keratohyalin granules, a large number 
of desmosomes were observed in the tissues of animal wounds on the sixth day of treatment of NTAPP, while 
a number of morphological properties of cells testified to a high level of metabolic activity of cells and their 
differentiation. 

 
Electron-microscopic and morphometric methods found that the effect of NTAPP on wounds promotes 

activation of epithelial cell growth and accelerates the regeneration of tissues of the skin of animals in the later 
stages of wound healing. 
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