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Abstract

Cold atmospheric pressure plasma (CAP) has been expected to be effective
for wound healing among plasma medicines and has been attracting atten-
tion. The aim of this retrospective clinical study was to evaluate and compare
the effects of CAP on acute wounds created by a fractional CO, (FXCO,) laser
on four treatment groups. Methods: This study was conducted between Sep-
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tember 2017 and November 2018. Radiated surface wounds were created us-
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ing a FXCO, laser on four identically-sized regions on the medial side of the
left forearm of 12 healthy volunteer subjects, for a total of 48 treatment re-
gions. Each region was then randomly assigned to one of four groups: 1) no
treatment (control group), 2) irradiated CAP for 60 seconds (plasma group),
3) topical application of ointment containing betamethasone valerate (steroid
group), or 4) two to three sprays of basic fibroblast growth factor (bFGF
group). The primary outcome of the skin was the change in absolute values of
lightness index (L*), redness index (a*I) of L*a*b color space, arithmetical
mean roughness (Ra), and mean melanin concentration. The secondary out-
come was the clinical condition of the wounds, including inflammation, crust
formation, and hyper/hypo-pigmentation on the recovering skin surface rela-
tive to the surrounding intact skin. Each item was evaluated at post-treatment
0, 1, 3, 7, 14, 28 days and 1 year. Results: Although no significant difference
was observed among all groups, the CAP group exhibited more rapid recov-
ery regarding a*I and Ra. No side-effects were observed in the CAP group.
Conclusion: CAP is considered to accelerate healing of irradiated wounds via
anti-inflammatory activity. Our study confirmed the effectiveness and safety
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of CAP which is devoid of side-effects of conventional therapies, and may aid
in future development of medical plasma therapies.
Keywords

Cold Atmospheric Pressure Plasma, Plasma Medicine, New Energy Device,
Wound Healing, Skin Activation

1. Introduction

In recent years, plasma treatment for wound healing has been attracting atten-
tion, with a rapid increase in the interest in medical devices based on cold at-
mospheric pressure plasma (CAP) [1] [2]. Since Laroussi first reported the use of
atmospheric pressure plasma in 1996 [3], CAP has been experimentally investi-
gated for several biomedical applications. However, some of the most potentially
important therapeutic roles played by reactive oxygen and nitrogen species in
medical interventions have emerged only in the past decade [4]. In clinical prac-
tice, the antibacterial activity of medical plasma has been noted, especially for
the treatment of chronic ulcers such as venous stasis skin ulcers or diabetic foot
gangrene [5]. However, to our knowledge, there has been no report on the effec-
tiveness of CAP for acute human wounds using a three-dimensional skin ana-
lyzer in a randomized controlled trial.

Fractional CO, (FXCO,) laser therapy has been used for skin resurfacing. This
treatment has been successful in improving texture, acne scaring, color and
wrinkles [6] [7] [8]. However, the downtime after irradiation, such as the period
with redness and/or pigmentation of the irradiated skin, is of concern. For
post-irradiation treatment, topical application of ointments, including steroids
or petrolatum [9], basic fibroblast growth factor (bFGF) sprays, or gels contain-
ing fullerene [10] have been applied, as well as protection from solar radiation.
However, a standard treatment has yet to be established, and the method chosen
depends on the treating surgeon because each has merits and demerits.

The aim of this clinical study was to evaluate the effects of CAP on acute
wounds created by a FXCO, laser. Herein, we report the first randomized con-
trolled trial comparing four different treatment groups to evaluate the effects of
CAP on acute human wounds with objective methods for treatment outcome

evaluation.

2. Materials and Methods
2.1. Study Design

This retrospective study was conducted between September 2017 and November
2018 to compare treatment outcomes of four identically-sized irradiated regions
on the left forearm of healthy volunteer subjects. The protocol was conducted

adhering ethical principles of the Declaration of Helsinki and approved by the
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institutional review board of Tokyo City University (IRB number: 413), and all

subjects provided written informed consent.

2.2. Subjects

Twelve healthy volunteer subjects (9 women and 3 men) with a mean age of 34.3
* 12.1 years from the Tokyo City University and Clinic F in metropolitan Tokyo
were enrolled. The subjects were required to adhere to the following require-
ments throughout the study: they were not to use local, systemic, or other medi-
cations, such as moisturizers or antibiotics; and they were to wear long sleeves to
protect their skin from solar radiation. Subjects were excluded if they were un-

willing to be assigned to any of the approaches.

2.3. Randomization

Each of the 12 subjects received irradiation on four areas of the same size (1.5 x
2.0 cm) on the medial side of the left forearm, making a total of 48 lesions. Each
lesion was created using a fractional CO, (FXCO,) laser therapy device (Smart-
Xide DOT RT®, DEKA M.E.L.A.stl, Calenzano, Italy) with a single shot at an
output power of 10 W, pulse width of 600 ps, dot spacing of 650 um, and stack of
2. The sample size was defined as 4 x 4, based on the Latin square method, be-
cause we conducted a randomized study for four regions for each subject. The
minimum necessary sample number was determined to be 48 sites in 12 subjects,

considering collectible number of data in the institutions.

2.4. Treatment Protocol

Immediately after FXCO, laser irradiation, each of the four regions on the sub-
jects’ arms was subjected to one of four different treatments: CAP jets (the CAP
group), steroid and antibiotic ointment (steroid group), basic fibroblast growth
factor (bFGF group), or no treatment (control group). These interventions were
applied only once, and were randomly allocated to each region using SAS soft-
ware v9.4 (SAS Institute, Cary, NC, USA).

The CAP group was subjected to a CAP jet (described below) immediately af-
ter FXCO, irradiation (Figure 1(a) and Figure 1(b)). Plasma treatment was
performed by moving the visible tip of the plasma jet at 10 mm from the skin
repeatedly over the entire target area for 60 seconds, in accordance with the pre-
viously reported laser radiation method for clinical practice [11] [12]. The ste-
roid group received topical application of ointment containing betamethasone
valerate and gentamicin sulfate (Rinderon-VG®, Shionogi & Co., Ltd, Tokyo, Ja-
pan). The bFGF group received 5 sprays of aerosolized trafermin (genetical re-
combination) (Fiblast® Spray, Kaken Pharmaceutical Co., Ltd, Tokyo, Japan) at
approximately 5 cm apart from the wound area. Total trafermin was 1.0 pg/cm?
in the wound. All interventions were done only once after FXCO, irradiation.
Sincethe subjects were wearing an eye mask, they were not aware of which

treatment was applied to which site.
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Figure 1. Wounds created by laser irradiation and equipment used in our study.
(a) Photograph of the medial side of the left lower forearm immediately after ir-
radiation by fractional CO, laser; (b) Cold atmospheric pressure plasma (kINPen
MED?) jet radiation; (c) The entire KINPen MED® device; (d) Three-dimensional
skin analyzer (ANTERA 3D™).

2.5. Cold Atmospheric Pressure Plasma Treatment

Plasma was applied to the target region with CAP jets using a KINPen MED®
(INP Greifswald/neoplas tools GmbH, Greifswald, Germany) (Figure 1(c)). The
device used in this study fulfilled the technical requirements for medical use, and
consisted of a hand-held unit for the generation of gas discharge under atmos-
pheric pressure conditions and a direct current power supply unit. A pin-type
electrode (1 mm in diameter) was mounted at the center of a ceramic capillary
(inner diameter: 1.6 mm). A high voltage of 2 - 3 kV, at a frequency of 1 MHz
was periodically applied to the pin electrode (£, = 2.5 kHz, plasma duty cycle =
1:1). Plasma was generated at the tip of the central electrode and expanded out
into the air surrounding the nozzle. The system was operated with argon gas at
flow rates between 4 and 6 L/m. Under these working conditions, the plasma jet

outside the ceramic capillary was approximately 10 mm long [1].

2.6. Photographic Analysis

Before and after the treatment, a 3D skin analyzer (ANTERA 3D™, Miravex Co.,
Ltd, Ireland) was used to record changes in the irradiated areas and to assess the
process of wound healing (Figure 1(d)). The camera on the analyzer was
equipped with 24 LED lights of different wavelengths. During imaging, the cam-

era detected the reflected light from different directions, which was then
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processed by a personal computer connected to the camera to obtain color tone
data and morphological data displayed as 2- and 3D images. This allowed for
quick quantitative measurements [13] [14] [15].

2.7. Outcome Measurements

To evaluate the process of wound healing, lightness, redness (flare), roughness,
and pigmentation on the skin surface were measured by the 3D skin analyzer
(ANTERA 3D™). The lightness*index (L*I) of L*a*b* color space was used to
evaluate lightness, ranging in values from 0 to 100. The a* index (a*I) of L*a*b*
color space was used to evaluate redness, with higher values of a*I indicated by
more red/violet components and smaller values indicated by more blue/green
components. Roughness of the skin was evaluated by the arithmetical mean
roughness (Ra), presented as the average of the values within the sampling re-
gion. Ra is a relatively stable parameter, which is not affected by a single unique
value. Pigmentation was evaluated as the mean melanin concentration, as dis-
played on the monitor of ANTERA 3D™.

The evaluation items were measured immediately before and after FXCO, la-
ser irradiation, and at Days 1, 3, 7, 14, 28, and at 1 year after treatments. The
primary outcome was the change in values of L*I, a*I, Ra, and mean melanin
concentration. The secondary outcome was the clinical condition of the wounds,
relative to the intact skin, focusing on inflammation, crusting, hy-
per-pigmentation, hypo-pigmentation, and aesthetics. Healing results were
comprehensively evaluated based on clinical findings such as color and dermal
structure of recovering skin surface relative to the surrounding untreated areas.
Aesthetic evaluation was based on aesthetic satisfaction assessment using the
aesthetic numeric analogue scale (ANA-scale) [16] ranging between “0” and
“10”, where “0” indicates the worst aesthetic outcome possible and “10” indi-
cates an ideal aesthetic result. In our study, only “10” was defined as a “good re-
sult” to be reported [11]. Primary and secondary outcomes were evaluated in a
blinded manner by a different clinician from the one who performed the treat-

ments.

2.8. Statistical Analysis

No data from any of the 12 subjects were excluded from any analyses. Categori-
cal data were summarized as the frequency, and continuous data as the mean
and standard deviation (SD). Comparisons between groups were performed us-
ing the Mann-Whitney U test or one-way analysis of variance (ANOVA) for
continuous variables. All statistical analyses were performed with SAS 9.4 (SAS

Institute, Cary, NC, USA). P-value of less than 0.05 was considered significant.

3. Results

3.1. Primary Outcomes

The relative skin lightness index of the steroid group demonstrated the earliest

improvement, and the other groups had almost equivalent improvement speed
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(Figure 2). At the end point of Day 28, all groups had skin lightness values
higher than those before treatment. The highest skin lightness was the steroid
group at Day 28 (L*I = 71.7).

The a*Index (a*I) of the control group at Day 1 indicated greater redness (a*I
= 17.0) compared with that immediately after FXCO, irradiation (a*I = 16.5),
that of the bFGF group remained the same (a*I = 16.5), and the plasma (a*I =
15.2) and steroid (a*I = 14.8) groups exhibited reduced redness (Figure 3). From
Day 3, all groups showed similar time-course improvement, all groups had al-
most the same value at Day 14.

The arithmetical mean roughness (Ra), representing increased post-radiation
swelling immediately after FXCO, laser radiation, improved at Day 1 (Figure 4).
The Ra increased until Day 7, along with crust formation, and then decreased to
a similar level as that before irradiation at Day 28. The earliest improvement in
Ra was in the steroid group, the next was the plasma group.

The mean melanin concentration was 0.53 at Day 1 and the earliest reduction
in the steroid group. The other 3 groups had similar time course changes
(Figure 5). No groups had severe hyper-pigmentation.

Figure 6 shows the time-course changes of a representative case by the 3D
skin analyzer. Values of L*I and a*I were calculated using the color images from
the 3D skin analyzer. For all evaluation items, no significant differences were

found among the 4 groups at each post-treatment time points.

3.2. Secondary Outcomes (Table 1)

Inflammation in the CAP group and steroid group was slightly less than the
other two groups by Day 14, although all groups showed similar improvement at
Day 28. Crusting was similar among the 4 groups. Hyper-pigmentation was
slightly less in the steroid group, while no significant differences were observed
among the other groups. Hypo-pigmentation was not observed in any group. No
precancerous change was noted on the treated sites in any group at 1 year after
CAP treatment. There were no notable differences at Day 28 and 1 year with all

groups achieving good results.

4. Discussion
4.1. Plasma Medicine

Medical plasma has two major effects: antibacterial activity and tissue activation.
In clinical practice, the antibacterial activity of medical plasma has been attract-
ing attention, especially for the treatment of chronic ulcers such as venous stasis
skin ulcers or diabetic foot gangrene [5]. Bacterial strains associated with chron-
ic ulcers include Pseudomonas, Klebsiella, Staphylococci, and Micrococci, which
are often difficult to treat in clinical settings. Many types of bacteria and fungi
that are categorized as physiological or pathological skin flora are highly sus-
ceptible to plasma treatment [17]. In this study, we focused on biological tissue

activation effects of medical plasma in acute phase wounds. The improvement in
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Figure 2. Time-course transition of lightness index (L*I). At the end point on Day 28,
skin lightness was higher than that before treatment in all groups. The steroid group had
the highest skin lightness at all time points. However, no significant differences were
found among the 4 groups by using one-way analysis of variance (ANOVA). Also,
Mann-Whitney U test showed no significant difference between the Control group and
CAP group.
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Figure 3. Time-course transition of a*Index (a*I). At Day 1, the a*Index of the control
group indicated greater redness (a*I = 17.0) compared with that immediately after treat-
ment (a*I = 16.5), that of the bFGF group remained the same (a*I = 16.5), and the plasma
(a*I = 15.2) and steroid groups (a*I = 14.8) had reduced redness. From Day 3, all 4 groups
exhibited similar time-course improvement. However, no significant differences were
found among the 4 groups by using one-way analysis of variance (ANOVA). Also,
Mann-Whitney U test showed no significant difference between the Control group and
CAP group.

redness (a*]) in the regions treated with CAP compared with the control regions
may be the indication of anti-inflammatory effects of plasma on acute phase

wounds.
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Figure 4. Time-course transition of arithmetical mean roughness (Ra). Ra indicated in-
creased post-radiation swelling immediately after FXCO2 laser radiation, but improved
on Day 1. The Ra increased until Day 7 along with crust formation, then decreased to a
similar level as that before irradiation on Day 28. The steroid group exhibited the earliest
improvement in Ra. However, no significant differences were found among the 4 groups
by using one-way analysis of variance (ANOVA). Also, Mann-Whitney U test showed no
significant difference between the Control group and CAP group.
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Figure 5. Time course transition of mean melanin concentration. The mean melanin
concentration of the steroid group demonstrated the earliest improvement, and the other
3 groups had similar time course changes. No groups had severe hyper-pigmentation. No
significant differences were found among the 4 groups by using one-way analysis of va-
riance (ANOVA). Also, Mann-Whitney U test showed no significant difference between
the Control group and CAP group.

The process of wound healing is characterized by four continuous, overlap-
ping, and precisely programmed phases: 1) hemostasis, 2) inflammation, 3) pro-
liferation liferation, and 4) remodeling [18] [19]. During all these phases, plas-

ma-derived activation species activate growth factors. Plasma contains many
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Figure 6. Representative time-course changes of the irradiated wound imaged by a 3D
skin analyzer. (a)Control group, (b) plasma group, (c) bFGF group, (d) steroid group (A)
Lightness and redness (L*I and a*I), (B) arithmetical mean roughness (Ra), (C) mean
melanin concentration.

Table 1. Clinical findings at 7, 14, 28 days, and 1 year after irradiation using a fractional CO, laser.

Control group (n = 12)

CPA group (n = 12) Steroid group (n = 12) bFGF group (n = 12)

Post-treatment time
Inflammation, n (%) 12 (100) 3 (25)
Crusting, n (%) 12 (100) 4 (33)
Hyper-pigmentation,
n (%)
Hypo-pigmentation,
n (%)

Good result, n (%)

0(0) 5(42)

7 days 14 days 28 days 1 year

0(0)
0(0)

3(25)
0(0)

9 (75)

7 days 14 days 28 days 1year 7days 14days 28days 1year 7days 14days 28 days 1 year
0(0) 11(92) 1(8) 0() 0(0) 10(83) 0() 0(0) 0(0) 12(100) 3(25) 0(0) 0(0)
0(0) 12(100) 3(25) 0(0) 0(0) 12(100) 4(33) 0(0) 0(0) 12(100) 3(25) 0(0) 0(0)
1(8) — — 3(25) 0(0) — — 2(17)  0(0) - - 3(25) 1(8)
0(0) — — 0(0) 0(0) — — 0(0) 0(0) - - 0(0) 0(0)
11(92) 0(0) 8(67) 9(75) 12(100) 0(0) 8(67) 10(83) 12(100) 0(0) 6(50) 9(75) 11(92)

Abbreviations: CAP, cold atmospheric pressure plasma; bFGF, basic fibroblast growth factor; -: Not calculated because observation period is too short.

neutral molecules, ion species, and radical species. Nitric oxides are generated
when the atmosphere is used as a source for plasma. Nitric oxide (NO) is an in-
organic compound and a free radical with unpaired electrons with a half-life of
3 - 6 s. It is colorless and odorless at room temperature, and insoluble in water.
In 1987, NO was found to play a major role in endothelium-derived relaxing
factor, which controls blood flow, as blood flow improved after plasma irradia-
tion [20]. Plasma can be used for redox stimulation of the skin by strongly af-
fecting the keratinocyte transcriptome and proteome via antioxidant pathways
in vitro. Both in vitro and ex vivo, plasma treatment enhances the proliferation
rate of skin cells, which is highly important for wound closure. Thus, plasma al-
ters the redox balance in skin cells, which positively affects their growth and the
secretion of growth factors [1]. As medical plasma for skin treatment is simple
and safe, with its efficacy confirmed, it is considered a promising treatment, for

which future development is expected.

4.2. CAP Treatment Promoting Wound Healing after Invasive
Laser Irradiation

Broad-band light treatment has been known to restore gene expression patterns

DOI: 10.4236/mps.2019.91004

26 Modern Plastic Surgery


https://doi.org/10.4236/mps.2019.91004

A. Nishijima et al.

of photoaged and intrinsically aged human skin [21]. Fractional photo-thermolysis
was one of the concepts for skin restoration reported by Manstein ef al. in 2004
[22], which enables effective resurfacing of the damaged skin leading to wound
healing action by coagulating and degenerating the damaged skin tissues based
on the non-specific caloric response of laser light. On the other hand, reactive
oxygen species generated during laser irradiation on the skin involve adverse ef-
fects such as inducing erythemaor pigmentation. Fujimoto et al. applied 12 dif-
ferent laser therapies on 4-week-old hairless mice, and reported increased reac-
tive oxygen species of relative superoxide anion ( O, ) and hydroxyl (OH"). They
demonstrated increases of both O, and OH™ in the animals irradiated with a
CO, fractional laser (10,600 nm) similar with our experiment parameters, com-
pared with the control group [10]. In order to inhibit oxidative skin damage af-
ter laser therapy, several post-treatment methods have been investigated. In Ja-
pan, topical application of ointments including steroids or petrolatum [9], bFGF
preparation sprays, or gels containing fullerene [10] are generally applied as
post-radiation treatment, as well as protection from solar radiation. In other
countries, occlusive dressing material, beta-sitosterol ointment [9], MAS063DP,
and 0.02% triamcinolone acetonide lotion [23] have been used in addition to the
treatments applied in Japan. However, a standard treatment has yet to be estab-
lished, and the choice of treatment protocols depends on each institution and
the treating surgeon.

In our study, although no significant difference was observed in any evalua-
tion item at the end point, the CAP group had accelerated anti-inflammatory ac-
tivity, as the a*I of the CAP group was less than that of the control group at Day
1. Furthermore, the CAP group had earlier improvement of swelling compared
with the control group based on the Ra which indicates morphological wound
healing. The time course transition of these values in the CAP group was similar
with that of the steroid group, indicating the efficacy of CAP was equivalent to
that of steroids. These results are considered to be due to the skin tissue activa-
tion effects of CAP.

Regarding plasma treatment for burn wounds, Hirata et al. reported that gen-
eration of active nitrogen in a gas phase, such as NO and nitrogen dioxide
(NO,), by the surface reaction of tissue via electrochemical stimulus activates
growth factors and accelerates healing [2]. On the other hand, regarding bFGF,
the a*I and Ra of the CAP group had a similar time course change with the con-
trol group. Although plasma has been confirmed to improve the proliferation of
granulation in wounds [24], data for its anti-inflammatory activity are limited.

The primary and secondary outcomes did not significantly differ among all
groups in our study. This is because a relatively smooth natural healing process
occurred in the control group as the fractional laser wounds only reached the
superficial dermal layer and had a low possibility of infection. More marked dif-
ferences in the time course outcomes may be noted in cases of contaminated

wounds which require prevention and control of infection, or in cases of severe
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wounds. The reason for increased L*I in all treated regions at Day 28 was consi-
dered to be due to the skin lightness increase as the nature of cosmetic skin re-

juvenation after FXCO, irradiation.

4.3. Roles and Future Prospects of CAP in Medical Practice

For the treatment of inflammatory lesions on the skin, topical ointments con-
taining steroids are generally used. Our study also showed the best outcomes in
the steroid group compared with the other groups, suggesting topical steroid ap-
plication is optimum to suppress inflammation for acute wounds. However, al-
though the incidence is low, steroidal drug use carries a risk of adverse reactions,
including steroid acne, steroid rosacea, peristome dermatitis, excessive hair
growth, steroid peliosis, skin atrophy, infection disease, contact dermatitis, and
pigmentation. Caution is therefore needed to avoid severe burning or skin injury
to the face.

In Japan, the use of bFGF is covered by national health insurance for the
treatment of compression gangrene (bed sores) or skin ulcers, thus it is often
applied in clinical practice. However, issues with bFGF include its high cost (ap-
proximately US$83.60 for a 5-mL bottle), the need for cold storage, the short ef-
fective time for consumption (within 2 weeks), and its lack of antibacterial ef-
fects. Steroids and bFGF preparations cannot be shared with other patients after
unsealing a container for use, with a potential for waste of medical resources.

In the present study, plasma treatment exhibited several benefits: an-
ti-inflammatory activity equivalent to that of steroid ointment, capability for
continuous irradiation for each patient, and no side effects. Recently, continuous
irradiation of the skin is technically possible using CAP. At a reduced cost and
without the need for vacuum equipment, CAP allows for the target object to be
directly processed with plasma without a vacuum disposal process. CAP therapy
has therefore substantially improved clinical practice. The KINPen MED device
used in this study was the first CAP jet apparatus to receive accreditation world-
wide as a medical device (class IIa). Its reusable argon plasma jet can generate
constant, non-thermal (room temperature) plasma at atmospheric pressure.
Plasma treatment is therefore considered to be effective for post-fractional laser

treatment, as well as general injuries.

4.4. Limitations

Our study had four limitations. First, the number of subjects was small, con-
ducted as a single-center study, and the follow-up period was short. Second, the
definition of the required number of subjects for data verification may not have
been appropriate because there have been no previously published similar evalu-
ation systems. Third, the treatments were administered to normal tissues of
healthy subjects, and we did not conduct any invasive examinations such as
harvesting sample tissues. Therefore, more objective evaluations, including cel-
lular and molecular evaluations, were not available. Fourth, we did not include

subjects treated with argon gas alone as a control; thus, we could not verify the
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effect of argon gas without plasmarization.

5. Conclusion

Although this study revealed no significant differences in treatment outcomes
among 4 groups at each time points, CAP treatment by plasma jet accelerated
wound healing via its anti-inflammatory activity. To further verify efficacy of
CAP treatment, a multi-institutional, large-scale, randomized controlled trial in-
cluding molecular analysis is necessary. Our study confirmed the effectiveness
and safety of CAP, while avoiding the side-effects of conventional therapies; thus

CAP may be a future treatment of choice in the field of medical plasma therapies.
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