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ABSTRACT: Cold-atmospheric plasma (CAP) produces a mixture of molecular, ionic, and radi-

therapeutic potential have been studied in disciplines such as dermatology, oncology, and den-
tistry. This study investigates both in vitro and in vivo -

 
Plasma is generated in a helium jet using an alternating-current 50-Hz power supply at 32 kV and 
90 mW. Results show that 1-min direct CAP treatment stimulates skin cell migration; however, 
cellular proliferation remains unchanged. Treatment > 3 min leads to cell death. Using the same 
treatment parameters, notably exposure time, indirect treatment using a plasma-activated medium 
fails to stimulate cellular migration. A murine model of full-thickness excisional wound healing is 

In vivo studies demonstrate that both direct and 
-

gest that direct plasma treatment with homemade plasma devices has the potential to positively 

and validated.

KEY WORDS: cold atmospheric plasma, plasma-activated media, skin cells, cellular viability, cellular 
migration, acute wounds, wound healing

I. INTRODUCTION

Skin, the largest human organ, is composed of three layers: epidermis, dermis, and sub-
cutaneous fat tissue. Cutaneous injury repair involves complex biological processes that 

-

remove nonviable tissue and prevent infection. Homeostasis is achieved with the forma-

of wound repair, is characterized by cellular proliferation and migration. Keratinocytes 
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-
mation of new blood vessels (angiogenesis) proliferate and migrate into the wound bed. 

assist in wound contracture). The third stage of wound healing is remodeling. Once the 
injury is repaired, cells that have accumulated in the wound bed exit or undergo apop-
tosis, and the extracellular matrix is remodeled.1 Most frequently, skin injury results 
in an acute skin wound that rapidly heals but in some cases results in a benign scar. In 
the case of deep injuries, such as burns and chronic wounds, healing is often delayed, 

burn injuries and 600,000 to 1.5 million venous leg ulcer wounds occur. These injuries 
cost nearly $20 billion/yr.2 Furthermore, these numbers are expected to rise due to the 
aging population. Thus, cutaneous wound healing is a major burden for health-care sys-
tems worldwide. During past decades, little improvement has been shown in preventing 
morbidity and mortality caused by skin wounds. In the case of chronic wounds, the best 
available treatment achieves only a 50% healing rate, and healing is mainly temporary.3 
Thus, new innovative treatment and wound management are needed to positively impact 
patient healing time, comfort, and medical-care costs.

Cold atmospheric plasmas (CAPs) are weakly ionized gases that are produced by 
electric discharges. They contain ground-state and excited atoms, radicals and mole-
cules, charged particles, and ultraviolet radiation.4 CAPs can be generated at atmospheric 
pressure in ambient air and do not exceed body temperature. Hence, CAP can be used 
as treatment in the human body to generate short- and long-lived reactive oxygen and 

The application of CAP in biomedical research has increased during the last ten years 
in several domains such as infection-related disease in dermatology,5–8 skin wounds,9–11 
blood coagulation,12 cancer treatment,13–15 inactivation of several microorganisms,16 de-
contamination of medical devices and surfaces in hospitals,17,18 and cosmetics.12 Positive 

in vitro and in vivo, and some clini-

skin injuries including acute wounds,11 burns,19 skin infection,20 chronic leg ulcers,21 
eczema,22 and psoriasis.23 Other clinical trials have proven that plasma treatment is safe 

24,25

 Most in vitro
treatment time and energy applied.26,27 Optimum treatment time depends on plasma sources 

28,29

were observed for a short treatment duration, corresponding to small energies of approxi-
mately a few joules per squared centimeters.10,30,31

10,28,32 

three complementary articles.28,31,33 Here, we study three skin cell types to investigate the 
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The main mechanisms that describe the interaction between plasma and skin cells 
are still under investigation. However, reactive chemical species produced by plasma are 
major candidates, especially ROS and reactive oxygen and nitrogen species (RONS). 
RONS, such as nitric oxide (NO°), hydroxyl radical (OH°), hydrogen peroxide (H2O2), 
and ozone, are actually well known to have an important role in animal and plant bio-
chemistry.34–36 ROS are involved in oxidative stress stimuli and can have a double role 
in living systems. Thus, they can cause cellular damage or dysfunction if their concen-
trations are too high, but at lower concentrations, they serve as cellular signals and can 
positively impact wound healing. NO°, for example, is a molecule known to stimulate 

37,38

In the case of biological applications, two types of plasma treatment are usually 
used: direct and indirect. In the case of direct treatment, cells or tissue are directly 
treated with plasma sources. With indirect treatment, a biological medium is treated 
by plasma and then applied to the biological target. This is called plasma-activated 
media (PAM). In this case, the treated biological target receives only long-life reac-
tive species that is produced by the interaction between plasma and treated liquid. This 

both in vitro and in vivo. 
In this study, in vitro -

to ensure that skin cells remained viable to promote their migration in vitro. Three 
-

rect treatment using freshly prepared PAM, and treatment using chemicals. Chemi-
cals used were long-life RONS that were produced by plasma in liquids and included 
H2O2, NO2

–, and NO3
–. We also conducted an in vivo trial using a model of murine 

plasma on wound healing rate.

II. MATERIALS AND METHODS

A. Plasma Source and Power Measurement

We used a homemade plasma jet as the plasma source (Fig. 1), which was constructed 
using three-dimensional (3D)-printing technology. The apparatus was made of polylactic 

.m) (Proto-Pasta; Vancouver, WA), and a nee-

(0.5 standard L/min [sLm]). The capillary was 60 mm high (distance between the height 
of the voltage electrode and gas outlet), with a diameter of 3 mm. The helium capillary 
was separated from the electrode, and 1 mm of PLA (eSun; Shenzhen, China) formed 
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a dielectric barrier. The 15-mm PLA ensured electrical insulation around the PLA–gra-
phene electrode. We used a 50-Hz homemade generator with a sinusoidal waveform to 
provide high voltage set to 32 kV peak to peak.

We measured the power delivered by the plasma in real time, acquiring voltage mea-
surements using an oscilloscope (Rohde & Schwarz; Munich, Germany). A capacitor 
connected in series with the target of the plasma jet allowed us to measure the amount 
of charge that was carried by each microdischarge. In vitro, aluminum was placed under 
the treated plate to ensure the connection with the capacitor. In vivo, we placed a self-
adhesive electrode WhiteSensor (Ambu; Ballerup, Denmark) near the treated area to 
ensure a link to the capacitor for power measurement.

B. Measurement of Chemical Concentration

1. H2O2

-
ing a colorimetric reaction using Amplex® Red (10-acetyl-3,7-dihydroxyphenoxazine; 
Sigma-Aldrich; St. Louis, MO). We treated 2 mL of media in a 24-well plate (Corning; 
Ithaca, NY) with plasma, using a gap of 5 mm between liquid surface and CAP source. 
We mixed 50 μL of the sample with 50 μL of 100 μ  Amplex Red and 50 μL of 0.5-U/mL 
horseradish peroxidase. Absorbance was measured after 20 min using a microplate reader 

FIG. 1: Schematic diagram of CAP generating system. (A) Voltage of the power supply mea-
sured by a high-voltage probe; (B) charge measured at the terminal of the measuring capacitor 
(105 nF). Exposed to the plasma source is 2 mL of PBS (diameter, 4; height, 60 mm; energy, 1), 
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(Labsystems; Vantaa, Finland) at 540 nm. Results were expressed in micrometers. Based 
on the standard curve, we obtained the H2O2 concentration in treated the PBS.

2. NO2
– and NO3

–

We determined total nitrite/nitrate concentration in the treated PBS using a colorimetric 
assay kit (Sigma-Aldrich). Absorbance was measured using a microplate reader (Lab-
systems) at 540 nm, and results were expressed in micrometers.

3. NO

NO in the media was measured using 2,3-diaminonaphtalène (Sigma-Aldrich). Together, 

low nanomolar concentration range.

C. Cells Culture and Treatment Conditions 

included dermal, blood, microvascular (MV), endothelial, and neonatal cells (HMVEC; 
Lonza; Verviers, Belgium). These were grown in endothelial-cell growth medium (EGM), 
comprised of 99% EGM-2 MV Bulletkit (Lonza) and 1% antibiotics (Gibco; Paisley, PA). 

Medium that was supplemented with 1% antibiotic Antimycotic 1× (Gibco Life Technol-
ogies; Paisley, PA) and 10% HyClone FetalClone II serum (GE Healthcare Life Sciences; 

-

abdominoplasty. Patients were free from drugs such as steroids and immunosuppressive 
medications that might interfere with dermal matrix formation. Informed consent was 
obtained and the study protocol conformed to ethical guidelines of the 1975 Declaration 

Voltage was set to 32 kV during treatment. Treatment was direct (cells were treated in 
media) or indirect using PAM. In this case, media were treated under the same condi-
tions and immediately poured onto cells that were treated for 1, 2, or 3 min with plasma 
jet. Cells were treated once per day during 24 or 48 h, and all experiments were per-
formed in triplicate.

D. Viability Assay

We examined cell viability using a LIVE/DEAD Cell Viability kit for mammalian cells 
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After 24 or 48 h, cells were washed before assay to remove or dilute serum esterase 
activity that might generally be present in serum-supplemented growth media (serum 

1 μ ) and ethidium (1:1000; 1 ) were added to each well. After 30 min of incubation at 

(Leica Microsystems GMBH; Wetzlar, Germany). Dead cells appeared as to be red, 
because ethidium enters cells with membrane damage. Cells with normal intracellular 
esterase activity appeared to be green.

E. Proliferation Assay 

-
liferation Reagent WST-1 (Sigma-Aldrich). The amount of yellow formazan dye gen-
erated by the cells is known to be directly proportional to the number of viable cells, 
because this salt is changed into yellow dye by the mitochondrial nicotinamide adenine 
dinucleotide phosphate–dehydrogenase activity of living cells. Adherent cells were 
suspended at 2000 cells/well in 100 μL of media in a 96-well plate. At 24 or 48 h after 
plasma treatment, we added 10 μL of cell proliferation reagent WST-1 (0501594400; 

37°C and 5% CO2. We measured sample absorbance using a microplate reader (Lab-
systems) at 450 nm, with a 600-nm reference.

F. Scratch Assay or Wound Healing Assay

Cell migration was assessed using a scratch assay (also known as a wound healing as-
say). Cells were seeded in a 24-well plate (250,000 cells/well) and allowed to grow to 

using a 1-mL pipette tip. The long axial of the tip was always perpendicular to the bot-
tom of the well. The resulting gap distance was equal to the outer diameter of the tip 
end. After scratching, the well was washed with fresh medium to remove detached cells. 
Cells were then treated in 2 mL of fresh media once (T24 h) or twice (T0 and T24 h). 

-
ments were processed for this experiment: direct, indirect (PAM), and treatment with 
H2O2, NO2

–, and NO3
– at a concentration equivalent to 1min of plasma treatment. Photos 

-
ated using the ImageJ computer program (National Institutes of Health and Laboratory 
for Optical and Computation Instrumentation; Bethesda, MD). Results were represented 
as mean percentage of the original wound at T0.
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G. Wound Induction and Treatment

We used female BALB/c mice that were between 6 and 10 wk of age (18–22 g) (Janvier 
Labs; Le Genest-Sainte-Isle, France). All animal experiments were approved by the 
relevant animal ethics committee (permit no. APAFIS#9118-2017030217494790 
v2). Mice were anesthetized using 4% isofluorane and hair was removed from the 
dorsum using hair clippers and depilatory cream. A full-thickness wound measur-
ing 6 mm in diameter was induced on the dorsum surface using a biopsy punch 
(Dominique Dutscher; Brumath, France). Experiments were carried out using six 
mice per group.

an injection of 200 μL sterile PBS treated with plasma for 1 min (2 mL PBS in a 24-well 

were delivered all around the wound. Control mice were treated with an injection of 
PBS to create the same stress situation for all animals. Untreated mice were included in 
another control group.

In the second case, mice wounds were treated directly with plasma for 10 or 30 s 

sccm was projected onto the wound surface from a distance of 7–10 mm. Voltage was set 
at 24 kV during treatment. No heating of tissue was detected or measured during treat-
ment. Measurements were made using an infrared camera (Testo; Lenzkirch, Germany). 

were carried out at room temperature, using atmospheric pressure according to the same 
protocol. No treatment was performed on the mice from the control group. Digital pho-
tographs of wounds were taken at 2, 4, 6, and 7 d after wounds were received. At day 7, 
mice were euthanized and wounds excised for histological analysis.

H. Histological Analysis

70% ethanol until they were processed for histology. Tissue samples were stained us-
ing hematoxylin and eosin (H&E). Stained samples were then imaged using a scanner 
equipped with a 20× objective lens (Leica Microsystems GMBH).

1. Statistical Analysis

All graphs and statistical analyses were performed using Prism 5 software (GraphPad; 
San Diego, CA). All data were expressed as mean values +/– standard error of the mean 
(SEM). To compare two groups, we used the Mann–Whitney U test for unrelated sam-

-
coxon paired test was used. To compare more than two groups, we used a nonparametric 
Kruskal–Wallis test. A Dunn test was used as the posttest among groups. A p value of 
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III. RESULTS

A.  Deposited Plasma Energy and Production of Reactive Species for 
In Vitro Experiments 

In the following experiments, working parameters were set as follows: V -

was set to between 70 and 100 mW.
Table 1 shows deposited energy values and production of H2O2, NO2

–, and NO3
– in 2 

mL of treated PBS. Levels of NO in media could not be measured. Thus, it was assumed 
that the NO that was produced by the plasma was below a detectable range (5 n ) of 
the method. The plasma jet operated at ambient pressure and temperature and generated 
the following species: H2O2, NO2

–, and NO3
–. Concentrations of these molecules in the 

B. Toxicity and Proliferation In Vitro

First, we tested toxicity of our plasma device treatment at 1, 2, or 3 min on keratinocytes, 
-

Cells were treated every 24 h and percentage of mortality was measured at 24 or 48 h 

 
-

eration (Fig. 5). However, direct treatment of 3 min led to an increased percentage of dead 
cells (Figs. 2–4). Endothelial cells were the most fragile among the three studied cells, with 

TABLE 1: Energy calculated from power measurement and concentration of H2O2, NO2
–, and 

NO3
– in 2 mL of media treated by CAP in a 24-well plate

24-Well plate Mice
1 min 2 min 3 min 10 s 30 s

Energy (J) 4.3 9.1 13 0.05 0.2
Energy density (J/cm3) 2.2 4.5 6.5 — —
H2O2 (μ ) 8 +/– 0.01 14 +/– 0.5 23 +/– 0.7 — —
NO2

– (μ ) 1.2 +/– 0.29 2 +/– 0.25 2.6 +/– 0.26 — —
NO3

– (μ ) 0.5 +/– 0.12 0.65 +/– 0.09 1.4 +/– 0.19 — —
Energy is represented for two different biological targets: Mice and 2 mL of media in a 24-well plate. Data 
were measured with the following set of parameters: Helium flow, 500 sccm; height, 5 mm; and peak-to-peak 
voltage, 32 kV as a function of treatment time. Each value is the average of the minimum of three different 
treatments with SEM.
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increased cell mortality of 70% (Fig. 3). For cells, direct treatment was more damaging 
than indirect treatment. Thus, long-lived species in PAM, such as H2O2
cell viability. To verify this assumption, cell viability was measured after treatment using 
H2O2 at up to 150 μ  equivalent to 10 min of plasma treatment. Treatment with H2O2 did 
not induce cell toxicity. Therefore, plasma toxicity on cells after treatment that was longer 

C. Migration In Vitro

-
ment on migration of the three skin cell types was studied using a scratch assay (Fig. 6). 
Cells treated directly by plasma during an optimized duration migrated more quickly 

FIG. 2: LIVE/DEADTM

images of HaCaT at 48 h after plasma treatment. Cells were stained with Calcein-AM (green or 
darker surrounding) and ethidium (red or brighter embedded points). (B) Quantitative analysis of 
LIVE/DEAD cell viability at 24 and 48 h after direct CAP treatments. (C) Quantitative analysis 
of LIVE/DEAD cell viability at 24 and 48 h after PAM treatments. Error bars represent the SEM 
of three measurements. Scale, 100 μm. CAP, Cold-atmospheric plasma.
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[Fig. 7(A),(D),(G)]. Thus, with keratinocytes and endothelial cells, 1 and 2 min of treat-
ment led to quicker scratch closure at 24 and 48 h after the scratch. At 24 h, the surface 
of the scratch in treated keratinocyte wells was 70% smaller than that of the control. For 
endothelial cells after 24 h, the surface of the scratch in the treated wells was ~ 50% 

scratch surface of 25% [Fig. 7(G)]. Contrary to direct treatment, PAM (indirect treat-

7(B),(E),(H)]. Thus, the set of long-lived species comprising PAM did not induce cell 
migration in this range of concentration. However, each species may have had a positive 

the same scratch assay for treating cells was performed using H2O2, NO2
–, and NO3

–. 
The concentrations that were used were equivalent to what were produced for 1 min of 

FIG. 3:

(green or darker surrounding) and ethidium (red or brighter embedded points). (B) Quantitative 
analysis of LIVE/DEAD cell viability at 24 and 48 h after direct CAP treatments. (C) Quantita-
tive analysis of LIVE/DEAD cell viability at 24 and 48 h after PAM treatments. Error bars repre-
sent the SEM of three measurements. Scale, 100 μm. CAP, Cold-atmospheric plasma.
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plasma treatment in 2 mL of PBS (Table 1). Indeed, for all studied cells, 1 min of treat-
ment with plasma led to an accelerated migration rate. These species were tested sepa-
rately and mixed (with the treatment called “mix”). The chemical composition of the 
mix (chemical compounds dissolved in water) was similar to that of PAM. It was found 

[Fig. 7(C),(F),(I)]. Taken together, these results could mean that short-lived species and 

the three cell lines studied, because only direct treatment impacts migration. 

D. Wound Closure In Vivo

model (Fig. 8). In the following experiments, working parameters were set to V

FIG. 4:

Calcein-AM (green or darker surrounding) and ethidium (red or brighter embedded points). (B) 
Quantitative analysis of LIVE/DEAD cell viability at 24 and 48 h after direct CAP treatments. (C) 
Quantitative analysis of LIVE/DEAD cell viability at 24 and 48 h after PAM treatments. Error 
bars represent the SEM of three measurements. Scale, 100 μm. CAP, Cold-atmospheric plasma.
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in vitro, indirect treatment 
was tested on wound healing to enable comparison to direct treatment. When direct 

Healing of the full-thickness wound is represented in Figs. 9 and 10 for indirect and 
direct treatment, respectively. First, we quantitatively measured the wound area using 
digital photos. Direct plasma treatment did not accelerate wound closure during the 3 d 
of wound-size measurement (Fig. 10). Direct plasma treatments of 10 s (once or three 

the wound closure rate 1 wk after wound induction. All wound specimens were sub-
jected to histological analysis at day 7, with histological wound size measured after 

day 7 of the wound treated with PAM compared to that of the wound treated with PBS 

wound healing in this model of full-thickness wounds.

IV. DISCUSSION

treatment times were tested. Experiments were performed with keratinocytes, primary 

FIG. 5:
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culture media, cell viability declined depending on treatment time. For 1 and 2 min of 

comparison to the control. However, cells treated with direct CAP for 3 min showed 

CAP treatment, with the number of dead keratinocytes doubling following treatment 

of plasma on cell viability is time dependent and that treatment time > 3 min should be 
avoided (see Table 1 for the corresponding values of deposited plasma energy and pro-
duction of RONS). For endothelial cells, 3-min treatment caused the death of 35% of 
cells versus 10% in controls. This means that endothelial cells are more sensitive to di-

FIG. 6: In vitro scratch wound healing assay method. (A) Cells were seeded in a 24-well plate 

well with a 1-mL tip. (C) Treatment was performed 0 and 24 h after the scratch was performed. 

on HMVEC migration. The scale bar is equivalent in all images. CAP, Cold-atmospheric plasma.



Plasma Medicine

Duchesne et al.392

depends on cell type. Susceptibility of endothelial cells to plasma was also shown by 
Arndt et al.33 The fact that plasma toxicity is time and power dependent was described 

32,39,40,41 keratino-
cytes,40–42,44 and endothelial cells.33–45 However, the power of the plasma source was 
not always provided in previous publications, so it is not always possible to compare 
the cell-damage threshold in terms of produced energy and/or equivalent production 
of ROS. Kang et al. -
cytes after 1 min of treatment, but energy delivered to the cells was not provided.32

33,40 Interestingly, repeating 

FIG. 7: Quantitative analyses of the migration assays are expressed as percentages relative to 
untreated cells (control is set at 100%). Data represent the mean of three experiments +/– SEM. 
*p < 0.05 versus corresponding untreated control group. (A),(D),(G) Results of the wound heal-
ing assay with two direct treatments (at 0 and 24 h after the scratch) with CAP for HaCaT (A), 

indirect treatments (at 0 and 24 h after the scratch) using PAM for HaCaT (B), HMVEC (E), and 

24 h after the scratch) using long-life species alone or together at a concentration corresponding 
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treatment every 24 h did not increase mortality during a period of 72 h. This plasma 
source used higher power than was used in this study, and distance of source from 

cell viability was studied by Suzuki and Yoshino.45 These investigators used micro-
power dielectric barrier discharge (DBD) as the power and a H2O2 concentration that 
was similar to what were used in the current study: 0.018 W and 15 μ  for treatment 
of 2 min (in our study, 0.09 W and 14 μ  for 2 min). Suzuki and Yoshino found cells 
to be damaged after 5 min of treatment.45 An ex vivo study performed by Hasse et al.
on human patient skin samples using kinPenMed (Neoplas GmbH, Greifswald, Ger-
many), showed that the number of apoptotic cells increased with treatment time, and 

44

Mortality that is induced by plasma is commonly associated with oxidative and 

liquids.46 In fact, multiple studies have shown that plasma treatment induced increase 
in intracellular ROS concentration in treated cells, with the increase proportional to 
treatment time.39,41,42,45 Kalghatgi et al. reported that nonthermal DBD plasma generated 
ROS, such as superoxide anions, hydrogen peroxide, hydroxyl radicals, single oxy-
gen, and ozone.47 Cui et al. reduced cell mortality after plasma treatment by adding N-
acetylcysteine, an antioxidant and ROS scavenger molecule.39 This clearly shows that 
oxidative stress induced by plasma is involved in cell mortality. In the present study, 
H2O2 that was produced by plasma measured ~ 10 μ . We checked to ensure that this 
concentration of H2O2 added alone to the cell media (without plasma treatment) did not 

concentration was three times higher after plasma treatment than after H2O2 was added 

FIG. 8: Stepwise skin excisional wound in surgery. (A) Mice were shaved, and all remaining 
hairs were removed with depilatory cream; (B) a 6-mm–diameter wound is made with 6-mm–di-
ameter biopsy punch.
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to media.45 This shows how mortality induced by plasmas can be triggered by ROS 
chemicals other than H2O2 with a short half life, such as O2

–, OH, or physical factors 

For the three cell lines studied, indirect treatment (PAM) showed no toxicity even 
after 3 min of treatment, corresponding to 6.5 J/cm3 and a H2O2 concentration of 15 μ . 

-
cance.48

2O2 on normal human skin 

of plasma.49 However, the concentration in this study was ~ 1 m  or 100 times higher 
than that used in the current study.49

FIG. 9:
days 0, 3, and 7 after wound induction. (B) Representative photographs of wounds treated with 
control, PBS injection, and PAM injection at days 0, 3, and 7 after wound induction. (C) Repre-

t-tests. 
Data are represented as mean + SEM (*p < 0.05) for n
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In this work, we found that cellular proliferation was not enhanced after both indirect 
and direct plasma treatment. Arndt et al. showed similar results for 2 min of treatment 

28 Indeed, these authors showed that keratinocyte proliferation 

FIG. 10: Dermal full-thickness wound treated with direct CAP treatment. (A) Representative 

-
ferent treatments. (D) Representative image of dermal full-thickness wound with H&E staining. 
Statistical analysis was performed using unpaired t-tests. Data are represented as mean + SEM 
(*p < 0.05) for n
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was not stimulated, both in vitro and in vivo.28 Regarding cell migration, we found that 
plasma treatment enhanced cellular migration with a scratch assay test. Taken together 
with proliferation experiments, the results suggest that enhanced scratch wound closure 
seen in cellular monolayers that are treated with plasma jet are mostly due to stimu-
lated migration rather than proliferation. Although a 2.5-fold decrease in keratinocyte 
and endothelial cell scratch wound size occurred following direct plasma treatment (1 

treated for 2 min.
These results suggest that stimulation of migration by direct plasma treatment, as 

also showed that only direct CAP treatment induced cellular migration in vitro, whereas 

cellular migration has not been studied before, and our study endeavored to compare 

studies reported that plasma treatment enhanced cellular migration, and some studies 
-

tion. Optimum treatment time found in the current study using a homemade helium 
plasma jet was 1 min for the three cell types studied. In similar studies reported in the 
literature, optimum treatment time varied from 10 s to 5 min, because plasma devices 

10,28,30,32,33,39 -
cant enhancement of endothelial cell migration was shown by Arjunan and Clyne using 
treatment using DBD with measured energy of 4.2 J/cm2.30 This energy was similar to 
that used in the current study (see Table 1), although treated volume was smaller (2 vs 
0.1 cm3). 

greater treatment time led to cell damage.28,33 -
 even 

32

ROS and RNS have essential roles in skin aging, tissue repair, and wound clo-
sure.50–52 They both act as secondary messengers and are used by cells including plate-

53 ROS and RON are also 
known to regulate angiogenesis at the wound site as well as vascular vasoconstriction 
and relaxation to ensure optimal perfusion of blood into the wound healing area. This 
explains the hypothesis that ROS and RNS that are produced by plasma are responsible 

in vitro and in 
vivo

-

implied in induction of cell migration by plasma. Here, NO may play a major part. This 
molecule is produced by cells with the aid of NO synthase and has various physiological 

37 Indeed, this small radical regulates extracellular matrix 
synthesis, cell proliferation, reepithilialization, and angiogenesis.30,37,54 NO is also pro-
duced by CAP, and its intracellular concentration increases with CAP treatment.55–57
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Cell adhesion also has a critical role in cell migration during wound healing. To 

in vivo. The macroscopic size of wounds treated with PAM 
was larger than in untreated controls, but given that the size of wounds treated with PBS 

been due to local skin injury that was induced by intradermal injection rather than the 

in response to direct CAP treatment. Although previous studies have shown that plasma 
is associated with accelerated wound healing,16,31,32,58–60 it must be pointed out that both 

few times points and sometimes not even linked together in the time line. For example, 
58 and 

Kang et al.32 studies and for 2 d of 14 in an Arndt et al. study.31 -
fect was obtained by Nasruddina et al., who showed 5 d of 14.16 But surprisingly, in this 

16,31,32,58,59 Taken together, results 

The current study suggests that exposure time is critical and even at low power, 

wounds treated with a direct plasma jet for 30 s every 48 h. In vivo, applied energy was 
~ 0.1 J or 50 times less than energy in the in vitro study. However, this may have caused 
cell damage in vivo due to the absence of protective layer that is created by media. 
One hypothesis is that in vitro, some species produced by plasma react directly with 

immediately with amino acids and proteins in the media, leading to production of new 

from cells to the mouse model. Xu et al. also showed that an overdose of plasma sup-
pressed wound healing in vivo in comparison to the control, due to tissue necrosis and 
cellular apoptosis.61

V. CONCLUSION

cellular viability, both in vitro and in vivo. It enabled comparison between two types of 
treatment, namely, direct treatment with CAP and indirect treatment with PAM. This 
study provides evidence that a short and direct application of 1 min of CAP does not 
cause cell death and improves cellular migration in vitro
migration in the same way as direct treatment. Using an acute wound model in mice, the 
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of plasma treatment, ~ 0.1 J was applied on days 0, 2, and Similarly, 2.2 J/cm3 of PAM 

was recorded in response to direct and indirect plasma treatment. Further studies are 
required to establish the underlying cellular and molecular pathways that are responsible 
for biological changes induced by CAP.
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