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Abstract

A non-thermal atmospheric pressure plasma jet (APPJ) may stimulate cells and tissues or
result in cell death depending on the intensity of plasma at the target; therefore, we herein
investigated the effects of non-thermal plasma under non-contact conditions on the healing
of full-thickness wounds in diabetic mice (DM+ group) and normal mice (DM- group). A
hydrogen peroxide colorimetric method and high performance liquid chromatography
showed that APPJ produced low amounts of reactive oxygen and nitrogen species. Ten-
week-old male C57BL/6j mice with normal blood glucose levels (DM- group) and 10-week-
old male C57BLKS/J lar-+Leprdb/+Leprdb mice (DM+ group) received two full-thickness
cutaneous wounds (4 mm in diameter) on both sides of the dorsum. Wounds were treated
with or without the plasma jet or argon gas for 1 minute and were then covered with a hydro-
colloid dressing (Hydrocolloid), according to which mice were divided into the following
groups: DM+Plasma, DM+Argon, DM+Hydrocolloid, DM-Plasma, DM-Argon, and DM-
Hydrocolloid. Exudate weights, wound areas, and wound area ratios were recorded every
day. Hematoxylin and eosin staining was performed to assess re-epithelialization and a-
SMA immunohistological staining to evaluate the formation of new blood vessels. Non-ther-
mal plasma under non-contact conditions reduced the production of exudate. Exudate
weights were smaller in the DM+Plasma group than in the DM+Hydrocolloid and DM+Argon
groups. The wound area ratio was smaller for plasma-treated wounds, and was also smaller
in the DM+Plasma group than in the DM+Hydrocolloid and DM+Argon groups on days 1-21
(p<0.01). Wound areas were smaller in the DM-Plasma group than in the DM-Argon group
until day 14 and differences were significant on days 1-5 (p<0.01). The percentage of
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re-epithelialization was significantly higher in the DM+Plasma group than in the DM+Argon
and DM+Hydrocolloid groups (p<0.01). The number of new blood vessels that had formed
by day 7 was significantly higher in the DM+Plasma group than in the DM+Hydrocolloid and
DM-+Argon groups (p<0.05). These results indicate that treatment with the current non-ther-
mal plasma APPJ device under non-contact conditions accelerated wound healing in dia-
betic mice.

Introduction

Wound healing as a response to injury is a natural process involving a cascade of complex and
interactive cellular and biochemical processes including inflammation, proliferation, and the
migration of various cell types, which ultimately results in tissue regeneration and remodeling.
Tissue repair is accelerated or inhibited by matrix synthesis, collagen deposition leading to re-
epithelialization, neovascularization, the formation of granulation tissue, and growth factors
and cytokines [1]. The most common complication of diabetes mellitus is delayed wound heal-
ing, which is attributed to hyperglycemic conditions and leads to chronic complications [2].
Insulin resistance, impaired glucose tolerance, and severe inflammation caused by neutrophil
infiltration may also contribute to delayed wound healing [3]. Previous studies demonstrated
that high glucose levels had a negative impact on growth factors, such as insulin-like growth
factors and vascular endothelial growth factors (VEGEF), resulting in poor re-epithelialization
or angiogenesis [4, 5].

In the past decade, the use of a non-thermal atmospheric pressure plasma jet (APPJ) in
medical applications, particularly wound healing, has been attracting increasing attention [6,
7]. Non-thermal atmospheric pressure plasma is a source of reactive oxygen and nitrogen spe-
cies (RONS) [8]. Hydrogen peroxide (H,0,), a well-known reactive oxygen species (ROS), is a
second messenger of tissue growth factor, platelet-derived growth factor (PDGF), and VEGF
production in wound healing. H,O, also plays important roles in blood coagulation, wound
contraction, and bacteria inactivation. Nitric oxide (NO) is another critical species in wound
healing for angiogenesis, inflammation, and tissue remodeling [9].

Although RONS are key players in wound healing, a recent study demonstrated that the
medical and biological effects of RONS were dependent on the environmental conditions of
living cells. The impact of plasma exposure may stimulate cells and tissues or result in cell
death depending on the intensity of plasma at the target, which is consistent with the oxidative
stress theory. Sen et al. [10] reported that numerous aspects of wound healing were subject to
biological redox control. ROS, such as H,0,, and reactive nitrogen species (RNS), including
NO, are key factors influencing these mechanisms. Therefore, oxidative stress includes oxida-
tive eustress and oxidative distress depending on low or high oxidant exposure. Oxidative
eustress triggers pathways that promote proliferation, angiogenesis, migration, and re-epitheli-
alization, which collectively enhance wound healing. In contrast, oxidative distress activates
pathways that induce senescence, apoptosis, or necrosis as well as immune responses and,
thus, may be beneficial for cancer treatment. Previous studies suggested that plasma treatments
stimulated either tissue regeneration or cell death [11, 12]. In the present study, we used nor-
mal and diabetic mice to evaluate the wound healing effects of plasma treatment because, in
contrast to normal mice, the healing process is impaired in diabetic wounds. The effects of
plasma treatment on wound healing were also examined in normal mice. We used an APP]J
device developed by our research group. The previous APP] device was limited by its static
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placement, its high consumption of the feeding gas, and direct contact of the plasma plume
with the wound area. We developed a handheld APP]J device, which allows it to be easily
maneuvered around the wound area. It also uses a lower feeding gas flow and the plasma bullet
generated inside the tube prevents direct contact of the plasma plume with the wound area.
Our developed APPJ device, which treats wounds under non-contact conditions and produces
less RONS, may promote the healing of full-thickness wounds under normal or diabetic
conditions.

Materials and methods

APP]J device

We developed a handheld APPJ device for wound healing. As shown in Fig 1, the APP] device
consists of two ring-shaped copper electrodes (length of 5 mm), an alumina tube (inner diame-
ter of 0.8 mm and outer diameter of 1.2 mm, SSA-S, AL,O; >96%, Nikkato Corp., Japan), and
a cylindrical acrylic vessel (outer diameter of 24 mm). Two ring-shaped electrodes are fixed to
the alumina tube. The distance between these two electrodes is 4 mm. A low frequency AC
high-voltage power source (100-C-9HEP2, LECIP corp., Japan) is connected to the upper
ring-shaped electrode via a silicon rubber-insulated wire, while the lower ring-shaped elec-
trode is connected to the ground. The two ring-shaped electrodes are covered by epoxy resin
to prevent abnormal discharge outside of the ring electrodes. The length of the alumina tube
nozzle from the lower edge of the lower ring electrode to the edge of the alumina tube outlet is
54 mm. In the present study, the frequency of the AC high-voltage source was approximately
17 kHz. A peak-to-peak voltage of 18 kV was adjusted with a varying AC input voltage using a
voltage slider (YAMABISHI, Voltage slider, S-130-15, Japan). A low-frequency high voltage
was applied after the introduction of argon gas from the upper end of the alumina tube at a
flow rate of 0.3 standard liters per minute (slm). UP3 grade (99.999% Ar, O, <0.2 ppm, CO,
<1.0 ppm, and H, <1.0 ppm) argon was used as the working gas. The gas flow rate was con-
trolled using a mass flow controller unit (SEC-E40, HORIBASTEC, Japan) and monitored by a
digital monitor with a controller (PE-D20, HORIBASTEC, Japan). During the generation of
APP]J, the high voltage applied was monitored in real time using an oscilloscope (WaveAce
1012, LeCroy Crop., USA) connected to a high-voltage probe (P6015A, TEKTRONIX, USA).
The plasma plume of the APP] device was not clearly observed by the naked eye due to the
long nozzle length; therefore, the resulting plasma plume did not make direct contact with
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Fig 1. Experimental set-up of the atmospheric pressure plasma jet device to investigate chemical species produced
in ultrapure water in a polytetrafluoroethylene (PTFE) vessel.

https://doi.org/10.1371/journal.pone.0275602.g001
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wounds. It is important to note that the gas flow rate and treatment time were low to prevent
the wound area drying during treatment.

Detection of RONS generated in liquid by APP] irradiation

To investigate the generation of RONS in liquid, the concentrations of H,0,, nitrate (NO,),
and nitrite (NO3") were measured in a vessel containing ultrapure water irradiated by APPJ.
The vessel was made from polytetrafluoroethylene (PTFE). The inner diameter, height, and
thickness of the PTFE vessel were 14, 9.8, and 1 mm, respectively. Ultrapure water was pro-
duced by a water purification system (Smart2Pure6 UV/UF, 50129887, Thermo Scientific
Barnstead, USA). The volume of ultrapure water used in the PTFE vessel was 1.4 ml. The dis-
tance between the top edge of the PTFE vessel and the alumina nozzle edge was fixed at 5 mm.

The H,0,-colorimetric method, in which titanyl ions react and create yellow-colored perti-
tanic acid [13], was performed using a UV-Vis spectrophotometer (U-4100, Hitachi High
Tech. Corp., Japan) to quantify H,O, concentrations. Ti(SO,), solution (30wt%, CAS RN.
27960-69-6, Fujifilm Wako Chemicals, Japan) was diluted to 5wt% using ultrapure water for
the H,O,-colorimetric method. One-milliliter liquid samples of APPJ-treated ultrapure water
were collected and mixed with 1 mL of the titanium oxysulfate-sulfuric acid complex
(TiOSO,) solution [14]. The absorbance of the mixed complex solution was measured at a
wavelength of 410 nm, and converted to a H,O, concentration using a calibration curve gener-
ated with a stock solution of H,0, (30wt%, CAS RN. 7722-84-1, Fujifilm Wako Chemicals,
Japan). In cases in which absorbance was higher than 1.0, liquid samples were diluted with
ultrapure water prior to the addition of 1 mL of TiOSO, solution and measured absorbance
was multiplied by the dilution factor.

High performance liquid chromatography (HPLC, Prominence, Shimadzu Corp., Japan)
was used to quantify NO;™ and NO,™ concentrations. An APPJ-treated ultrapure water sample
of 1.0 ml was prepared and added to a polyethylene vial (Sample cup II A, Shinwa Chemical
Industries Ltd., Japan). Vials were placed in an auto sampling system (STL-10Ai, Shimadzu
Corp., Japan). Calibration curves for ion chromatography (IC) were prepared using various
dilutions of an anion mixed standard solution (01849-96, Kanto Kagaku Corp., Japan). All liq-
uid samples were analyzed on the same day without storage after the APP] treatment.

Table 1 shows the analytical conditions of IC used in the present study. The conditions
employed to measure RONS are provided in Table 2.

Animals

Thirty 10-week-old male C57BL/6j mice with normal blood glucose levels and 30 10-week-old
male db/db mice (C57BLKS/] Iar—+Leprdb/ +Leprdb) as a diabetic model (Sankyo Lab Service
Co., Tokyo, Japan) were used in experiments. Animals were individually caged in a tempera-
ture-controlled room (25.0 + 2.0°C) with lights on between 08:45 and 20:45 and free access to

Table 1. Ion chromatography operating conditions.

Column Anion : Shim-pack IC-SA2(G)
Eluent NaHCO; 112 mM
Na,CO3 : 0.6 mM
Column oven CTO-20AC sp :40°C
Flow rate of the eluent 1.0 mL/min
Amount of the sample 500 puL
Detector CDD-10A sp

https://doi.org/10.1371/journal.pone.0275602.t001
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Table 2. Experimental conditions and settings for reactive species measurements produced by the plasma device.

Room temperature 24.4°C Room humidity 48%
Supply voltage Vpp=18.0kV, Frequency 16.7 kHz
Distance between electrodes 4 mm

Gas flow rate Argon: 0.3 slm

Conditions Irradiation times: 2, 4, 5, 6, 8, 10 min

Irradiation distance: 5 mm

Liquid Ultrapure Water
Liquid volume 1.4 mL
Alumina tube Doy 1.2 mm ®;, 0.8 mm

https://doi.org/10.1371/journal.pone.0275602.t1002

water and chow. All animal experiments conducted in the present study were reviewed and
approved by the Animal Experiment and Use Committee of Kanazawa University and per-
formed in accordance with the Guidelines for the Care and Use of Laboratory Animals of
Kanazawa University, Japan (AP-194100).

Wounding and treatment

Mice were kept and fed until 10 weeks of age. Before the wounding day, mice were anesthe-
tized by inhalational anesthesia using 1.5% isoflurane (Wako, Tokyo, Japan) in 1.5 L O,/min
connected to the acrylic box [15-17] and the dorsum was shaved. Mice were divided into the
following main groups: normal mice (DM- group) and diabetic mice (DM+ group), and then
subdivided based on the treatment received. Normal mice treated with the plasma jet and a
hydrocolloid dressing (DM-Plasma), normal mice treated with argon gas and a hydrocolloid
dressing (DM-Argon), natural healing for normal mice treated only with a hydrocolloid dress-
ing (DM-Hydrocolloid), diabetic mice treated with the plasma jet (DM+plasma), diabetic
mice treated with argon gas (DM+Argon), and natural healing for diabetic mice treated only
with the hydrocolloid dressing (DM+Hydrocolloid). We used the treatment with argon gas
only to confirm that plasma was solely promoting wound healing.

On the wounding day, the dorsum was disinfected with 70% ethanol, and two circular full-
thickness skin wounds (©4 mm), including the panniculus carnosus muscle, were made on
both sides of the dorsum using a Kai sterile disposable biopsy punch (Kai Industries Co., Ltd.,
Gifu, Japan) under inhalational anesthesia. Each wound received the APP] treatment for 60
seconds, and the irradiation distance from the alumina nozzle tip was 5 mm. The applied
APPJ irradiation time, distance, and gas flow rate stably generated APPJ and supplied the
APPJ effluent to the wound directly without drying the wound area. This treatment was per-
formed once daily.

Wounds were covered by a hydrocolloid dressing (Tegaderm; 3M Health Care, Tokyo,
Japan) to maintain a moist environment and wrapped with sticky bandages (Skinergate™;
Nichiban, Tokyo, Japan), which were replaced every day according to previous studies by
Mukai et al. [18, 19]. Body weights and hydrocolloid dressing weights were measured daily
before and after dressing to assess the weight of exudate produced from the wound. The non-
fasting blood glucose levels of normal and diabetic mice were monitored every two days using
a glucose rapid test stick (Nipro CareFast R; Nipro, Osaka, Japan) and blood samples were
obtained by a small prick of the mouse tail.

Wound observations

The wounding day was designated as day 0. The progression of wound healing was monitored
daily until day 14 (normal mice) and day 21 (diabetic mice) under inhalational anesthesia.
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Wound edges were traced daily on polypropylene sheets by making a drawing of the wound
area pattern on the polypropylene sheet using a permanent marker, and images of wounds
were also taken. Traces on the sheets were captured with a scanner onto a personal computer
using Adobe Photoshop Elements 11.0 (Adobe System Inc., Tokyo, Japan), and wound areas
were calculated using Image] (National Institutes of Health, Bethesda, Maryland, USA) image
analysis software according to previous studies. The wound area was expressed as the daily
ratio of the wound area to the initial wound area on day 0 when the wound was made [18, 19].

Tissue collection

In the normal group, we sacrificed 5 mice for each treatment group on days 7 and 14. In the
diabetic group, we sacrificed 3 mice for each treatment group on days 7 and 14, and 4 mice for
each treatment group on day 21. Mice were euthanized by inhalational anesthesia on days 7,
14, and 21 after wounding. The wound and surrounding intact skin (epidermis, dermis, and
subcutaneous tissue), the area of which was approximately 10% of the wound, were harvested,
and each wound sample was bisected at the wound center. Wound tissue was spread on and
stapled to polypropylene sheets to avoid over-contraction of the samples, and then fixed for
approximately 15 h in 4% paraformaldehyde solution in 0.01 M phosphate buffer, pH 7.4.
Sheets were rinsed in 0.01 M PBS for approximately 15 h. Samples were then dehydrated in an
alcohol series, cleared in xylene, and embedded in paraffin (Sakura Finetek, Japan) to prepare
5-pm-thick serial sections. These procedures were performed according to previously reported
methods [8].

Histological and immunohistological staining

Five-micrometer-thick paraffin sections were stained with hematoxylin and eosin or subjected
to immunohistology with an anti-o-smooth muscle actin (a-SMA) antibody (ab5694, Abcam
Japan, Tokyo, Japan). To detect the primary antibody, sections for the anti-o.-SMA antibody
were incubated with the Dako Envision+ system HRP-labeled polymer anti-rabbit (ready to
use) (Dako North America, California, USA). Negative control slides were obtained by omit-
ting the primary antibody [18, 19]. The anti-o-SMA antibody was used in the present study
because a-SMA is present in the pericytes covering blood capillaries and in smooth muscles in
blood vessel walls [20, 21].

Histological observations

Images were imported onto a computer using a digital microscopic camera (DP2-BSW Olym-
pus, Japan). Measurements of the percentage of re-epithelialization on days 7, 14, and 21 were
performed using DP2-BSW software. The number of positively stained blood vessel cells on
days 7, 14, and 21 was assessed at five wound sites of granulation tissue, two sites near the two
wound edges, and three sites around the center of granulation tissue using the 20x objective
magnification, and the value was divided by the whole area of these five sites. The total area of
the five sites was calculated on the DP2-BSW monitor [19].

Statistical analysis

Data are shown as the mean + standard deviation (SD) and the statistical analysis was per-
formed by a paired t-test or one-way ANOVA and Tukey-Kramer multiple comparison test
with SPSS 25.0 (SPSS Inc., Chicago, USA). p <0.05 was considered to be significant.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275602 October 14, 2022 6/19


https://doi.org/10.1371/journal.pone.0275602

PLOS ONE

A plasma jet promotes cutaneous wound healing in db/db mice

Results
Measurement of RONS concentrations

Fig 2 shows the concentration of H,O, and the sum of NO, and NOj;™ concentrations as a
function of the APPJ treatment time. Longer treatment times were associated with the concen-
tration of H,0, and the sum of NO,” and NO;™ concentrations monotonically increased. The
generation rates of H,0,, Gi,0,, and the sum of NO, and NO;™ concentrations, Gnox., were
evaluated assuming a linear function with a least-squares approximation. A similar approach
was previously applied to obtain Gy,0, and Gyoyx.- Fig 3 shows Gyoy. as a function of G,
including previous findings [closed red squares are for the present study, and closed blue
squares [22], closed black circles [23], and closed green squares [24] for previous studies]. The
plume of our previously developed APP] [24] made direct contact with the liquid surface,
whereas that of the present APPJ did not. Gnox. of the present APPJ device was similar to the
value reported by Cheng et al. [22], whereas Gy,0, was 5-fold lower.

Wound size observations, blood glucose levels, body weights, exudate
weights, and wound areas

Blood glucose levels were stable each day. Blood glucose levels ranged between 100-200 mg/dL
in normal mice (DM- group) and were higher than 500 mg/dL in db/db mice (DM+ group).
Body weight was measured throughout the study period and compared to that before
wounding (Fig 4). Body weight continued to increase in the DM- group until days 3-4 after
wounding, but then decreased. Body weight increased again on days 7-10 and surpassed the
initial body weight on the last day of measurements. After wounding, body weight in the DM+
group decreased and was lower than the initial body weight on the last measurement day.
Exudate weights varied and fluctuated in the DM+ group, but showed the same pattern in
the DM- group (Fig 5). In the DM- group, exudate weights were the highest on day 2 and then
decreased. In the DM+Plasma group, exudate weights were the highest on day 3. In the
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Fig 2. H,0; and the sum of NO, and NO;™ concentrations in APPJ-irradiated ultrapure water as a function of the
exposure time.

https://doi.org/10.1371/journal.pone.0275602.g002
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etal. [24].

https://doi.org/10.1371/journal.pone.0275602.9003

DM+Argon and DM+Hydrocolloid groups, exudate weights continued to increase and fluctu-
ate during the three-week observation.

Wound size evaluations were performed in every group from days 0 to 14 for the DM-
group and from days 0 to 21 for the DM+ group, as shown in Fig 6. Wound areas generally
increased during the early wound stage and then decreased until the end of the observation
period. Wound sizes markedly increased until day 4.

Wound areas in the DM- group: In the DM-Plasma group, wound areas increased from
days 1 to 3 (ratio of the wound area to the initial wound area on day 3: 1.07 + 0.15), and then
gradually decreased until wound closure on day 14 (0.18 + 0.05). A similar pattern was
observed in the DM-Argon and DM-Hydrocolloid groups, namely, an increase in the wound
area from day 1 after wounding, with a peak on day 2 (1.54 + 0.55 and 1.26 + 0.22 respectively).
Wound areas in the DM-Argon and DM-Hydrocolloid groups continuously decreased until
wound closure, but were larger than those in the DM-Plasma group on day 14 (0.24 + 0.12 and
0.30 + 0.09 respectively). In contrast, wound areas in the DM+Hydrocolloid group markedly
increased until day 4 (2.41 + 0.82) and then decreased until day 21, but were still larger than
the initial wound area (1.20 + 0.03). A similar pattern was observed in the DM+Argon group;
an increase in the wound area from days 1 to 3 of observations (1.91 + 0.24), followed by a con-
tinual decrease until day 21 to a similar area as that of the initial wound (0.93 + 0.10) without
wound closure. In the DM+Plasma group, the wound area increased on day 1, followed by a
decrease to a similar area as that of the initial wound on day 7 (1.02 + 0.20). On day 14, the
wound area was a similar size as that in the DM-Plasma group (0.23 + 0.09). At the end of
observations on day 21, the wound area was smaller than that in the DM-Plasma group
(0.11 + 0.07).
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Fig 7 shows that the wound area ratio was significantly higher in the DM+Hydrocolloid
and DM+Argon groups than in the DM+Plasma group on days 1-21 (p<0.01). Daily wound
area ratios were smaller in the DM-Plasma group than in the DM-Argon group until day 14,
with significant differences being observed on days 1-5 (p<0.01). No significant differences
were observed in wound area ratios between the DM+Plasma and DM-Plasma groups, the dif-
ference occurred on days 3, 4, and 7 (p<0.05).

Histological analyses

The percentage of re-epithelialization during wound healing was evaluated on days 7 and 14
for the DM- group and on days 7, 14, and 21 for the DM+ group (Fig 8). On day 21, all wound
surfaces were covered by an epithelium. Furthermore, in comparisons of the percentage of re-
epithelialization, no significant differences were observed between the DM+Plasma group and
all DM-groups on days 7 and 14 (p>0.05). On day 21, the percentage of re-epithelialization
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Fig 5. Exudate weights. Exudate weights in each group were recorded daily by measuring the weight (grams) of the
hydrocolloid dressing. (A) Exudate weights in the DM- group are presented as the mean + SD of ten wounds, and (B)
exudate weights in the DM+ group as the mean + SD of eight wounds.

https://doi.org/10.1371/journal.pone.0275602.9005

was significantly higher in the DM+Plasma group than in the DM+Argon and DM+Hydrocol-
loid groups (p<0.01). The new epithelium generally extended from the wound edges and had
completely covered the whole wound by the last measurement day, except for the DM+
Hydrocolloid and DM+Argon groups. Although the new epithelium slowly grew from the
wound edges, it did not cover the entire wound from days 14 to 21 in the DM+Hydrocolloid
and DM+Argon groups.

New blood vessels were observed in the wound area on days 7, 14, and 21 (Table 3). In the
DM- and DM+Plasma groups, new blood vessels were more frequently observed in granula-
tion tissue on day 7 and decreased on day 14. On the other hand, in the DM+Argon and
DM-+Hydrocolloid groups, the number of new blood vessels in granulation tissue was low on
day 7, but continued to increase until day 21.

A significant difference was observed in the number of new blood vessels between the
DM+Plasma and DM+Argon and DM+Hydrocolloid treatment on days 7 and 21. A signifi-
cant difference was also observed in decreased new blood vessels count on days 7 compared to
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Fig 6. Wound healing observations in normal and diabetic mice. Wounds of 4 mm in diameter were made on the
dorsum, and healing was recorded by photography. The wound edge is indicated by arrows. Bar, 5 mm.

https://doi.org/10.1371/journal.pone.0275602.9006

days 14 in the DM-Plasma group. In the DM+Plasma group, we found that the new blood ves-
sels tended to decrease from days 7 until 21, but did not differ statistically. An opposite result
was observed on DM+Argon and DM+Hydrocolloid group, which significantly increased
when comparing days 7 and days 21.

The number of new blood vessels did not differ significantly between the DM+Plasma and
DM- groups in all treatments on days 7 or 14. The figure of the formation of new blood vessels
on days 7 from the anti-o-SMA stain result is presented in Fig 9.

Discussion

The present results demonstrated that H,O, concentrations and the sum of NO, and NOj3’
concentrations increased in APPJ-irradiated ultrapure water. Longer treatment times were
associated with H,0, and the sum of NO,” and NO;™ concentrations monotonically increased.
These changes indicated that RONS production induced by the APPJ device varied depending
on the device settings. These results are consistent with previous findings reported by Kinan-
dana et al. [25] showing increases in H,0, concentrations with a longer jet plasma exposure
time. Kim and Chung [26] also reported changes in RONS concentrations with different APP]
settings.

The APPJ device used in the present study produced higher concentrations of NO,™ and
NO; and a lower concentration H,O, than those in other studies [22-24]. This difference in
the rate of RONS production contributed to the unique effects observed on the wound healing
process. Pre-clinical findings suggested that some gas plasma-derived ROS/RNS mixtures are
more beneficial than others for specific biological outcomes. According to Bekeschus [27],
three different feed gas supplements of a plasma jet exerted individual effects. Hypothetically,
plasma that is rich in NO contains a small amount of a mixture of the hydroxyl (OH) radical
and atomic oxygen, and, thus, promotes the closure of wounds and angiogenesis and also
functions as an antimicrobial agent, albeit not a potent one.

The present study utilizes RONS produced by APPJ for wound healing and was done using
normal mice and diabetic mice both with and without plasma treatment. Since wound healing
is delayed under diabetic conditions [3, 27, 28], we herein used a non-thermal plasma jet that
produces RONS to treat wounds. RONS from plasma play essential roles in the interactions
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Fig 7. Comparison of wound area ratios in normal and diabetic mice. The ratios of wound areas to the initial area
on day 0 are shown as line graphs for each day. (A) The wound area ratio in the DM- group is presented as the

mean * SD of ten wounds, and (B) the wound area ratio in the DM+ group as the mean + SD of eight wounds. Values
are expressed as the mean + SD, ANOVA, Tukey-Kramer *p<0.01.

https://doi.org/10.1371/journal.pone.0275602.g007

between plasma and targeted tissues. Based on previous findings, APPJ, which produces
RONS, such as NO and H,0,, may effectively promote wound healing [11, 12, 29, 30]. Fur-
thermore, current research uses non-thermal plasma under non-contact conditions; therefore,
wounds are not directly exposed to the plasma plume, which prevents the adverse events asso-
ciated with charged particles. Although non-thermal plasma that produces reactive species in
liquid at an appropriate intensity may promote wound healing, it may also exert detrimental
effects on cells and tissues if treatment is prolonged or higher plasma densities are applied
[31-34]. A low density plasma treatment may activate the signaling pathways that enhance cell
proliferation and tissue regeneration, while a high density plasma treatment may produce
higher concentrations of RONS. The resulting oxidative stress disrupts redox signaling, dam-
ages biomolecules, such as membrane lipids, proteins, and DNA [11], and induces apoptosis
in cancer cells by increasing intracellular ROS and activating the corresponding ROS-based
death pathways [12].
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Fig 8. Percentage of re-epithelialization in wound healing. The percentage of re-epithelialization in wound healing
on the skin of the dorsum. (A) The percentages of re-epithelialization in the DM- and DM+ groups on days 7, 14, and
21 are shown in box graphs. Values are expressed as the mean + SD, ANOVA, Tukey-Kramer *p<0.01. (B)
Histological features of wounds stained by hematoxylin and eosin. Red arrows indicate the tip of the re-epithelium (E)
covering the wound surface. Block arrows indicate the edge of the wound, the boundary between the normal dermis
(D) and granular tissue (G). The distances between the edges of wounds were markedly shorter in DM- mice than in
DM+ mice. Wound surfaces on DM- mice on day 14 were already covered by a re-epithelium. Although wound
surfaces in the DM+Argon and DM+Hydrocolloid groups were not yet covered by a re-epithelium on day 21, those of
the DM+Plasma group were. Scale bar, 500 um.

https://doi.org/10.1371/journal.pone.0275602.g008

The effects of the non-contact treatment in the present study were monitored by the pro-
gression of wound healing. Wound size observations revealed the prominent advantages of
using plasma for wound healing, particularly under diabetic conditions. Wound healing with
the plasma treatment from the early wound phase was superior to that with the argon treat-
ment or natural healing. Lower exudate weights in the DM+Plasma group than in the
DM-+Argon and DM+Hydrocolloid groups in the middle and last days of monitoring were an
excellent indicator of wound healing in the inflammation phase. The inflammation phase was
shorter in the DM+Plasma group, indicating the more rapid progression of this phase to the
proliferative phase. A previous study reported the highest rate of exudate production during
the inflammatory phase, followed by decreases with the progression of healing [35]. Exudate
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Table 3. Number of new blood vessels.

DM-Plasma DM-Argon DM-Hydrocolloid DM-+Plasma DM+Argon DM+ Hydrocolloid
Day 7 15.4 £2.1°* 11.6 +4.3" 14.2 +3.5** 12.8 £3.2 4.6+1.1° 4.0 0.8°
Day 14 7.8 +0.8* 10.8 +3.2 124 +1.5 112 +1.4 9.6 +2.9 8.6 +2.3
Day 21 8.4+2.1 15.4 +1.5* 13.8 +1.5*

Values are expressed as the mean + SD. The lowercase letter (a) indicates significantly different among DM+Argon or DM+Hydrocolloid groups and DM+Plasma
group. The uppercase letter (A) indicates significantly different within groups compared with on day 7. The (*) symbols indicate significantly different between DM-
groups and DM+Argon group, and the (#) symbols indicate significantly different between DM- groups and DM+Hydrocolloid group. ANOVA, Tukey-Kramer and
paired t-test p<0.05.

https://doi.org/10.1371/journal.pone.0275602.t003

weights in the DM+Plasma group peaked almost simultaneously with those in all DM- groups
on day 2. This similar peak indicated that the time course of the inflammation phase did not
significantly differ between these groups. Exudate production during the inflammation phase
is attributed to the permeability of capillaries. Tight gaps between cells and capillary walls and
the porous carbohydrate-rich lining of capillaries play important roles in regulating the release
of fluid, proteins, and cells into the surrounding tissues. Inflammatory mediators disrupt
endothelial cells, which stimulates the release of fluid, proteins, and cells [36]. Although the
mechanisms underlying decreases in the number of inflammatory cells, which accelerate
wound healing, were not investigated in the present study, they were examined in detail in our
previous study [37]. Based on the results obtained, we hypothesize that the current non-ther-
mal plasma device under non-contact conditions reduced inflammation. The lower produc-
tion of exudate in the present study is supported by previous findings reported by
Rezaeinezhad et al. [38] showing that RONS generated by plasma attenuated inflammation
under diabetic conditions. Both groups reported that the levels of inflammatory cytokines,
such as IL-1a, IL-1B, IL-6, and TNF-a, were significantly lower in treated than in non-treated
diabetic animals, and were close to normal ranges. Furthermore, we previously suggested that
the inflammatory phase is a critical period in cutaneous wound healing, which is essential for
clearing bacterial contamination and creating an environment that is conducive to subsequent
events involved in tissue repair and regeneration [19]. Plasma treatment has also been shown
to facilitate the eradication of bacteria, which was also confirmed in our previous study [39].
In another study by Amini [40], a randomized clinical trial in Iran on 44 patients with diabetic
foot ulcers, helium plasma jet treatment decreased the production of IL-1, IL-8, IFN-v, and
TNF-o and reduced the antimicrobial burden.

The wound area did not increase during the inflammatory phase in wounds treated with
non-thermal plasma under non-contact conditions. Better results for the wound area and ratio

Fig 9. Microscopic view of new blood vessel formation in areas of granulation. Myofibroblasts and pericytes were
stained brown because they contain o-SMA. Blood vessels are circular in shape and their walls containing pericytes are
brown (arrows). Therefore, it is possible to distinguish between myofibroblasts and blood vessels (A) The formation of
new blood vessels in the DM-Plasma group on day 7. (B) The formation of new blood vessels in the DM+Plasma group
on day 7. (C) The formation of new blood vessels in the DM+Hydrocolloid group on day 7. Scale bar, 50 um. Anti-o-
SMA stain.

https://doi.org/10.1371/journal.pone.0275602.g009
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reduction were observed in the DM+Plasma group than in the DM+Argon and DM+-
Hydrocolloid groups. The wound area in the DM+Plasma group increased on day 1, and then
decreased to a similar area as that of the initial wound on day 7. However, wound areas in the
other groups remained large until the end of observations. This size difference indicates that
wound closure was accelerated by the plasma treatment, and this may have been due to the
generation of RONS by the current non-thermal APP]J device. This is consistent with the find-
ings of a clinical trial by Mirpour et al. [41] in which a patient who received standard care with
plasma treatment showed the accelerated wound healing of diabetic foot ulcers and a reduced
bacterial load. This is also supported by a recent study [27], which demonstrated that plasma
stimulated wound healing because ROS and RNS were released locally and interacted in the
exposed site. This study further suggested that ROS and RNS are the most important compo-
nents attributing to the redox biology of several biological effects that are induced by gas
plasma. In vitro studies also demonstrated the direct impact of plasma on cell proliferation and
migration [12]. RONS generated by the plasma device under atmospheric pressure have been
suggested to increase blood oxygenation levels in tissue, which regenerates epidermal cells
with mature differentiation, and granulation tissue with dense collagen deposition produced
by fibroblasts [42].

The microscopic analysis showed that the percentage of re-epithelialization was higher in
the DM+Plasma group and this was attributed to the shorter inflammatory response time,
with the highest exudate weights being observed on day 3, which indicated that the prolifera-
tion stage occurred earlier in this group. The percentage of re-epithelialization significantly
differed between the DM+Argon and DM+Hydrocolloid groups and interestingly resulted in
a non-significant difference compared to those in the DM- group. Moreover, the results on re-
epithelialization were consistent with those obtained from immunobhistological staining with
the anti-o-SMA antibody to detect new blood vessel formation in plasma-treated wounds,
showing a significant difference in the number of new blood vessels that formed in diabetic
mice. New blood vessels formed in granulation tissue on day 7, formed bridge-like structures
in the wound area, and then decreased in number until day 14. In the present study, fully re-
epithelialized wounds and the smaller number of new blood vessels on day 14 indicated that
plasma promoted wound healing in the proliferation phase. These results suggest that plasma
accelerated wound healing by stimulating tissue regeneration, including re-epithelialization
and new blood vessel formation, via RONS delivered by the current APPJ device to the wound
area. These results are consistent with previous findings by Chatraie et al. [43], showing that a
non-thermal plasma treatment accelerated re-epithelialization in a pressure ulcer, and those
by Lee et al. [44] of plasma promoting re-epithelialization through the arrangement of collagen
and the regulation of inflammatory gene expression for the healing of burn wounds. The
effects of RONS from plasma on wounds may be explained as follows: NO stimulates keratino-
cytes to secrete growth factors, cytokines, and proteases during the wound healing process,
which facilitates ECM regeneration and promotes wound healing [45]. Besides NO, the cur-
rent non-thermal APP] device also produces OH radicals and H,0,, which plays a role in
wound healing as an active secondary messenger for PDGF and VEGF [11]. In the cell prolifer-
ation phase, a low concentration of H,O, was shown to promote the mobility of keratinocytes
and enhance epidermal growth factor receptor activation and ERK1/2 phosphorylation,
explaining its higher migration potential [46]. In the later remodeling phase, H,O, up-regu-
lated the expression of transforming growth factor-1 and enhanced the proliferation of fibro-
blasts [47]. In addition to its role in the re-epithelialization of wounds, plasma has been
suggested to promote angiogenesis and new blood vessel formation and induce arterial vasodi-
lation. These processes increase blood flow, which provides more nutrients in the circulation
and promotes the transmigration of leukocytes [27]. This is consistent with previous findings
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showing that a plasma treatment increased vascularization and tissue oxygenation [48]. Since
no significant differences were observed in the percentage of re-epithelialization or new blood
vessel formation among plasma-treated wounds, argon-treated wounds, and natural healing
on day 7 in the DM- group in the present study, the benefits of using non-contact plasma treat-
ment remain unclear. Further studies are warranted.

In conclusion, the developed non-thermal APP]J device with non-contact treatment gener-
ated an appropriate amount of RONS that successfully accelerated wound healing by reducing
the amount of exudate produced, accelerating wound closure through the promotion of re-epi-
thelialization, and stimulating the formation of new blood vessels. The current non-thermal
plasma treatment under non-contact conditions by the developed APPJ device may influence
wound healing mechanisms at the microenvironmental level through the RONS produced.
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