Received: 16 January 2023 | Revised: 7 March 2023

'.) Check for updates

Accepted: 3 April 2023

DOI: 10.1111/jocd.15778

ORIGINAL ARTICLE

JCD
Co;?;;re[‘:i: Dermatology W I L EY

The effect of low-intensity cold atmospheric plasma jet on
photoaging-induced hyperpigmentation in mouse model

Ga Ram Ahn MD, PhD%?

| Hyung Joon Park MS® | Young Gue Koh MD?® |

Ka Ram Kim MD? | YuJin Kim MS! | Jung Ok Lee PhD! | Joon Seok MD, PhD? |
Kwang Ho Yoo MD, PhD?® | Kyu Back Lee MD, PhD**> | Beom Joon Kim MD, PhD*?

!Department of Medicine, Graduate
School, Chung-Ang University, Seoul,
Korea

’Department of Dermatology, Chung-Ang
University Hospital, Seoul, Korea

3Department of Dermatology, Chung-
Ang University Gwangmyeong Hospital,
Gwangmyeong-Si, Gyeonggi-do, Korea

“Department of Interdisciplinary Bio/
Micro System Technology, College of
Engineering, Korea University, Seoul,
Korea

5School of Biomedical Engineering, Korea
University, Seoul, Korea

Correspondence

Beom Joon Kim, Department of
Dermatology, 06973, Chung-Ang
University Hospital, 102, Heukseok-ro,
Dongjak-gu, Seoul, Korea.

Email: beomjoon74@gmail.com

Funding information
Ministry of Science and ICT, South Korea

1 | INTRODUCTION

After repeated or long-term exposure to ultraviolet (UV) rays, the
skin undergoes photoaging. As a result, the skin becomes darker as

Abstract

Background: Cold atmospheric plasma (CAP) produces reactive oxygen/nitrogen
species (RONS) in the target and can induce cytoprotective effects by activating
hormesis-related pathways when its intensity is in the low range.

Objectives: The aim of this study is to evaluate the effect of low-intensified CAP
(LICAP) on skin with photoaging-induced hyperpigmentation in an animal model.
Methods: Changes in cell viability and RONS production following LICAP treatment
were measured. For the in vivo study, 30 hairless mice underwent antecedent pho-
toaging induction followed by the allocated therapy (i.e., LICAP, topical ascorbic acid
(AA), or both). During the first 4 weeks of the treatment period (8 weeks), ultraviolet
(UV)-B irradiation was concurrently administered. Visual inspection and measurement
of the melanin index (M) were performed to assess the change in skin pigmentation
at Weeks 0, 2, 4, 6, and 8.

Results: RONS production increased linearly until the saturation point. Cell viability
was not significantly affected by LICAP treatment. At Week 8, MI was significantly
decreased in every treatment group compared with the values at Week 0 and Week
4. The treatment effect of the concurrent therapy group was superior to that of the
LICAP and AA groups.

Conclusion: LICAP appears to be a novel modality for photoprotection and pigment
reduction in photodamaged skin. LICAP treatment and topical AA application seem to

exert a synergistic effect.
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basal melanocytes synthesize melanosomes and transfer them to
adjacent keratinocytes.! Melanosomes are important for protecting
cells from UV rays to preserve skin homeostasis. However, there are
always high cosmetic demands for the skin-lightening modalities.
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Cold atmospheric plasma (CAP) devices generate physical
plasma at tissue-compatible temperatures under atmospheric condi-
tions.? Physical plasma increases intracellular reactive species such
as charged particles and reactive oxygen/nitrogen species (RONS).
Based on this mechanism, cold atmospheric plasma devices have
been widely used for dermatologic indications such as infection,
chronic ulcer, skin barrier dysfunction, acne, scar, precancerous le-
sion, cancer, and skin resurfacing.""7

Meanwhile, a growing body of evidence indicates that low-dose
CAP stabilizes the cellular redox status by activating redox-sensitive
transcription factors such as nuclear factor erythroid-2-related

factor 2 (Nrf2), which upregulates endogenous antioxidants.®™!

Moreover, such events can trigger selective autophagy,'?**
which is a key process to clear the accumulated melanosomes in
keratinocytes.i‘c"16

Therefore, the present in vivo study investigated the acceler-
ating effect of low-intensity cold atmospheric plasma jet (LICAP)
on recovery from photoaging-induced hyperpigmentation and its
synergistic effect with the topical antioxidant agent, L-ascorbic acid

(AA), in a hairless mouse model.

2 | MATERIALS AND METHODS
2.1 | Ethics approval

The present study was performed in accordance with the guide-
lines of laboratory animal care of the National Institutes of Health,
and the experimental protocols approved by the Chung-Ang
University Institutional Animal Care and Use Committee (IACUC,
No. 201900124).

2.2 | Quantification of reactive species production

Plasma was induced in 3mL of phosphate-buffered saline (PBS
Thermo Fisher Scientific Co.) in a 12-well plate at an 8 mm height
for 5, 10, 15, 30, 60, and 120s in order to quantify the agqueous
reactive species produced in the target area. Because of its physi-
ologic osmolality (155mM NaCl, 2.97mM Na,HPO,-7H,0, and
1.06 mM KH,PO,) and acidity, the PBS was chosen as the target
solution for the measurement (pH 7.4). Helium gas was used as the
vehicle for plasma generation. The amount of aqueous reactive
species produced in the target solution was measured using the
RONS assay kit (OxiSelect™, Cell Biolabs Inc.) following the manu-
facturer's instructions and previously published literature.’”*® A
2', 7'-dichloro-dihydro-fluorescein (DCF) standard curve was used
to quantify reactive species production. Briefly, 50 pL of catalyst
was added to the sample along with 100 pL of DCF solution and
incubated for no more than 20min. Then, the fluorescence emit-
ted from the redox reaction in the solution was measured using
a plate reader (Gemini EM; Molecular Devices) at 480/530-nm
excitation.

2.3 | Cellviability test

Cell viability was quantified using a colorimetric WST-1 assay. HaCaT
cells (1.5x 10°/mL; ATGC Co.) were seeded in 96-well plates and in-
cubated at 37°C in a humidified chamber containing 5% CO,. After
24 h, 10pL of the WST reagent was added, and spectrophotometric

absorbance was measured at 450 nm.

2.4 | Animal model

Hairless mice were purchased from Saeron Bio Inc. in Seongnam,
Korea. Six 6-week-old male HRM2-strain mice in good health were
included in the study. Prior to the experiments, they were housed for
7 days under constant conditions of 55+ 10% relative humidity, 23
2°C,and a 12h dark/12hours light cycle.

2.5 | Study design

In total, 30 mice were randomized into five groups: normal control, un-
treated control, LICAP, ascorbic acid (AA), and LICAP+AA (Figure 1). The
normal control group (group A, n=6) did not undergo photoaging induc-
tion or treatment intervention. The other groups underwent photoaging
induction on their dorsal skin for 12 weeks (n=6, respectively) using 312-
nm UV-B light from an automatic UV irradiation system (Bio-Spectra;
Vilber Corp.). In this period, UV-B irradiation was performed three times
a week with a gradually increasing dose from 30 to 70 mJ/cm?.

The induction period was followed by 8 weeks of the treatment
period. During these 8 weeks, each treatment group (LICAP, AA, and
LICAP +AA group) was subjected to the allocated treatment, three
times per week. Notably, 70mJ/cm? of UV-B was irradiated in tan-
dem with the treatment during the first 4 weeks to observe the pho-
toprotective effect (UV-B co-stimulation period, Weeks 0-4). After
that, UV-B irradiation was discontinued to observe the recovery ac-
celeration effect of each treatment (UV-B off period, Weeks 4-8).

2.6 | Treatment device

A helium plasma jet device developed by AGNES Medical Co., Ltd.
was used in the study (Figure 2A,B). N50 (99.999%) helium gas was
used (0.12L/min) as the carrier. Physical plasma was generated using
a 12kHz radiofrequency with 1000 W power (peak voltage 6kV). The
generated plasma effluent was delivered to the dorsal skin of the sub-
ject for 1 min. In the concurrent therapy group (LICAP+AA), LICAP
treatment was performed on dry skin before topical AA was applied.

2.7 | Topical ascorbic acid solution

Ascorbic acid, one of the most common active ingredients in trans-
dermal drug delivery treatment in the dermatology field,*” %% in the
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FIGURE 1 Study design for photoaging induction, treatment, and assessment.
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FIGURE 2 Treatment device used in the present study. (A) Scheme describing the plasma generating device with a helical shaped
electrode. (B) Magnified image of plasma effluent from the device. (C) The exterior of the treatment device.

form of a solution, prepared by diluting 600 mg of sodium and mag-
nesium ascorbyl phosphate powder (Vita-C Powder™; Dermacos
Korea, Co.) in 20.0mL of deionized water. For topical application,
800pL of the solution was applied to the dorsal skin of the subjects

for 10 min, as per the method described by the manufacturer.

2.8 | Assessment

The data at the baseline were assessed at 0, 2, 4, 6, and 8 weeks after the
end of the induction period. The skin surface was photographed with a
digital camera (EOS 300D; Canon) and was examined by a dermatologist.

The melanin index (MI) was assessed to objectively measure
skin darkness using a 660-nm and 880-nm narrowband reflectance

spectrophotometer (Mexameter® MX18; Courage and Khazaka
Electronic Corp.).

To present the degree of pigment reduction more clearly, the de-
creased percentage of melanin index from the baseline week i to a
specific moment week j (DPMIIJ) was defined as follows:

Mlatweekj— Mlatweeki Ml -MJ;

DPMI;; (%) = — = - x 100

Ml at week i Ml;

Two different baseline moments were set: (1) Week 0, im-
mediately after the photoaging induction and the beginning
of UV-B and treatment intervention overlapping period (UV-B
co-stimulation period, Weeks 0-4), (2) Week 4, the end of the
UV-B co-stimulation period (UV-B off period, Weeks 4-8). The
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former represents the photoprotection effect, whereas the lat-
ter represents the recovery acceleration effect of each treatment

regimen.

2.9 | Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0. The
data are expressed as the mean +standard deviation (SD). Student's
t-test (unpaired test at each moment and paired test in each group)
was applied for statistical evaluation of the data. Intergroup t-tests
and intragroup paired t-tests were performed for Weeks 2, 4, 6, and 8
to confirm the significance of Ml reduction. Each mean difference was

considered significant when the p value was <0.05.

3 | RESULTS

3.1 | Quantification of aqueous reactive species
produced via LICAP treatment

A RONS assay using DCFH oxidation was performed to estimate the
quantity of aqueous reactive species produced by LICAP treatment
(Figure 3A,B). Initially, the level of RONS production increased propor-
tionally with the treatment duration, showing a highly linear pattern
(0-60s). After that, the RONS level seemed to be saturated with a
sluggish slope (60-120s) (Figure 3A). The RONS quantification data of
the initial phase (0-60s) were closely fitted to a linear regression line
(R?=0.9737) (Figure 3B).

3.2 | Cellviability test

The data of the WST-1 test were assessed using a colorimetric assay
(Figure 4A-C). There was no significant change in viability during the
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entire observation period, even when the treatment duration was
extended to 5min (p>0.05).

3.3 | Visualinspection

After photoaging induction, the untreated group and the three treat-
ment groups showed distinct hyperpigmentation on their dorsal skin
compared to the healthy controls (Figure 5A,B). In the untreated
group, UV-B-induced hyperpigmentation was sustained until the
end of the study. There was no serious damage to the skin surface,
except for some wrinkles, rhytides, and xerotic scales.

During the UV-B co-stimulation period, each change in skin pig-
mentation varied among the subjects; some subjects became lighter
whereas the others did not change or became darker. However,
most of the subjects in the three treatment groups recovered their
skin color after the entire treatment period (UV-B co-stimulation
period+UV-B off period). The overall pigment reduction effect
seemed to be the most obvious in the LICAP+ AA group, followed
by that in the AA and LICAP groups.

3.4 | Melaninindex
The melanin index was calculated based on the measurement data
from the spectrophotometer (Figure 6A,B).

The mean Ml value of each group was arrayed by weeks for in-
tergroup comparison with the untreated control group (Figure 6A).
At Weeks 4, 6, and 8, the mean Ml values in the AA and LICAP+AA
groups were significantly different from those in the untreated
group. The detailed p values are listed in Table 1.

Each mean MI value was also arrayed by groups for intragroup
comparisons (Figure 6B). In the untreated group, there was no sig-
nificant change in the mean Ml value after the overall treatment pe-
riod (Weeks 0-8, p=0.198) or after the UV-B off period (Weeks 4-8,
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FIGURE 3 Quantification data for aqueous reactive species production. (A) Time-scaled RONS production curves using the device. (B)
Initial linearly increasing phase of the RONS production curve. Statistical significance was measured by comparison between the previous
and present time points. (*p <0.05; **p <0.01. DCF, 2/, 7’-dichlorodihydrofluorescein; RFU, relative fluorescence units).
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FIGURE 4 Results of cell viability tests. Cell viability was measured at (A) 24 h, (B) 48h, and (C) 72 h after LICAP treatment. There was no
significant change in cell viability within any of the subject groups during the entire observation period.

p=0.179). Notably, the mean MI value was significantly increased
after the UV-B co-stimulation period (Weeks 0-4), reflecting the
photodamage effect (p=0.0189); in contrast, there was no signifi-
cant change in the treatment groups (LICAP, AA, and LICAP+AA;
p=0.684,0.173, and 0.356, respectively), indicating a photoprotec-
tive effect.

In the LICAP group, the mean MI value was significantly de-
creased after the overall treatment period (Weeks 0-8, p=0.0133)
and UV-B off period (Weeks 4-8, p=6.00x 107%). The AA and
LICAP+AA groups also showed significant decreases after the
same periods as in the LICAP group, and there were some addi-
tional significant differences between various assessment time
points (i.e., Weeks 0-6 in the AA group, Weeks 0-6, and Weeks
4-6 in the LICAP +AA group). The detailed p values are listed in
Table 1.

The DPMI was calculated (Table 2) and presented as line graphs
to visualize the treatment efficacy more clearly (Figure 7A,B). The
data of the intragroup paired t-test is noted on each graph because
the calculation was based on the comparison between specific
baseline and moment of interest in the same group.

The value of DPMly g, calculated from the comparison between
Weeks 0 and 8 to reflect the overall pigment reduction effect
during the whole treatment period, was the most remarkable in the
LICAP+AA group (42.2%, p=8.83x107%), followed by that in the
AA group (38.3%, p=0.0254) and LICAP group (21.3%, p=0.0133)
(Figure 7A). It is likely that each value of DPMI, g, calculated from the
comparison between Weeks 4 and 8, to represent the pure treat-
ment effect during the UV-B off period, was still significant in the
same order as the DPMIo,a data (Figure 7B). The treatment was the
most effective in the LICAP+AA group (36.3%, p=2.38 x 107, fol-
lowed by that in the AA group (30.2%, p=0.0254) and LICAP group
(26.6%, p=0.0254).

4 | DISCUSSION

When first introduced in the medical field, the applications of CAP

devices were focused on selectively eliminating RONS-vulnerable

cells such as microorganisms and precancerous or cancer cells.?4%

These applications are based on the fact that CAP treatment can
increase intracellular RONS levels and thus kill RONS-vulnerable
cells. On the contrary, based on the growing body of evidence that
low-dose CAP can induce cytoprotective mechanisms by activat-
ing pathways related to redox-sensitive transcription factors,®%!
recent studies have focused on revealing the novel applications of
CAP in a non-destructive manner, such as the treatment of chronic
wounds, hair loss, eczema, pruritus, and wrinkles.*710-30

The CAP treatment described in the present study is focused
on generating a plasma density in a low range, which does not in-
duce cytotoxic effects but still produces small amounts of intracel-
lular RONS. Accordingly, | propose a new term LICAP, low-intensity
cold atmospheric plasma, which refers to a physical plasma device
designed to tune its plasma intensity in the low range and, thus, to
mildly elevate the intracellular reactive species, the dose of which is
below the cytotoxic level.

The results showed that the present LICAP treatment linearly
increased the agueous RONS level in the target solution until 60s
(Figure 3A,B). RONS production increased with high linearity until
it reached the saturation point. Thus, the present LICAP treatment
seems to be able to tune the target RONS production level in a low,
pre-saturated range by adjusting the treatment duration to 60s.
Moreover, the cell viability data showed that LICAP did not induce
cell death even when the treatment duration far exceeded the RONS
saturation point of 60s (Figure 4A-C).

Topical AA application also showed photoprotective and skin-
lightening effects on photodamaged skin (Figures 5-7) (Tables 1 and
2). The Ml value in the AA group did not change significantly during
the UV-B co-stimulation period (p=0.173) and was significantly
decreased during the UV-B off period (DPMI‘L8 30.2%, p=0.0254).
The overall treatment efficacy, DPMIo,s' was 38.3% (p=4.99 x 10_5).
These results are understandable because AA, a well-known topical
skin-lightening agent, prevents and restores UV-induced skin pig-
mentation by scavenging intracellular RONS.31%2

Interestingly, LICAP, a RONS producer, also showed photopro-
tective and skin-lightening effects similar to AA, and the Ml value
in the LICAP group did not change significantly during the UV-B
co-stimulation period (p=0.684) and was significantly decreased
during the UV-B off period (DPM|4V8 26.6%, p=6.00x1073). The
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FIGURE 5 Digital photographs for visual inspection. (A) Photographs of the study subjects. Representative images are marked (*). (B)

Photographs of representative subjects.
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FIGURE 6 Melaninindex for quantitative analysis. The mean Ml value of each group was arrayed by (A) weeks for intergroup comparison
with the untreated control group and by (B) groups for intragroup comparison between the specific moments of interest and the baseline

moments in the same group (*p <0.05; **p<0.01).

overall treatment efficacy, DPMIOYS, was 21.3%. Although this was
lower than that of the topical AA treatment, it was still significant
(p=0.0133).

This might be one of the possible mechanisms by which LICAP
treatment enhances the epidermal turnover rate. It has been pre-
viously reported that CAP treatment can enhance the proliferation
of basal keratinocytes.”*34 When the proliferation of basal kerati-
nocytes is accelerated, newly proliferated keratinocytes replace the
old ones that contain melanosomes, which is the key mechanism of
various skin-lightening modalities including keratolytic agents, free
fatty acids, and retinoic acid.®>%7

Besides the effect explained above, it is quite possible that
LICAP treatment might paradoxically lower the oxidative burden
in cells; that is, it might induce hormesis in skin cells.®38 The term

hormesis refers to a biphasic dose response characterized by a low-
dose beneficial effect and a high-dose toxic effect.3”*® Low-dose
CAP irradiation can activate the pathway related to Nrf2, a key
redox-sensitive transcription factor, to upregulate endogenous an-
tioxidants.!*! Interestingly, Hwang et al. recently revealed that the
effect of increased antioxidant buffering capacity by low-dose CAP
treatment was sufficient to lower the intracellular RONS level in UV-
irradiated skin cells.!°

Lastly, keratinocytes might undergo a selective autophagy pro-
cess, via which the accumulated melanosomes are cleared in case
the Nrf2-related pathway is activated by the present LICAP treat-
ment.}>1 The key adaptor protein for selective autophagy, p62,
has been reported as one of the molecules upregulated by Nrf2
activation.'? Moreover, p62 forms a positive feedback loop with its
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TABLE 1 Melanin index (arbitrary units).
Week O Week 2 Week 4 Week 6 Week 8
Normal control n 6 6 6 6 6
Mean+SD 85.5+18.1 82.1+16.8 88.6+18.7 84.9+8.51 86.9+10.1
p Value
vs. Week O - 0.358 0.564 0.950 0.866
vs. Week 4 - - - 0.709 0.846
Untreated control n 6 6 6 6 6
Mean+SD 246+35.5 241+24.9 285+34.8 250+41.8 215+53.8
p Value
vs. Week O = 0.595 0.0189* 0.800 0.198
vs. Week 4 = = = 0.0693 0.179
LICAP N 6 6 6 52 52
Mean+SD 252+77.6 241+48.3 257+64.1 218+22.3 189+48.2
p Value
vs. Week O - 0.360 0.684 0.215 0.0133*
vs. Week 4 - - - 0.0774 6.00x107%**
vs. Untreated 0.879 0.977 0.374 0.130 0.390
control
AA N 6 6 6 6 6
Mean+SD 248+37.4 220+24.9 217+24.3 183+20.7 159+31.7
p Value
vs. Week 0 - 0.222 0.173 8.00x1073** 4.99x 107
vs. Week 4 = = = 0.0512 0.0254*
vs. Untreated 0.914 0.166 2.74x1073** 9.66x1073** 0.0445*
control
LICAP+AA n 6 6 6 6 6
Mean+SD 234+49.9 223+23.1 212+20.1 167 +42.6 135+19.1
p Value
vs. Week O - 0.582 0.356 0.0186* 8.83x 1074
vs. Week 4 - - - 0.0327* 2.38x 107
vs. Untreated 0.642 0.218 1.27x1073** 6.62x107%* 6.43x107%*

control

?One subject in group C died in Week 5 because of an unspecified cause, which seemed not to be related to the treatment. The missing data were

replaced by the rule of the last observation carried forward (LOCF) method.

*p<0.05; **p<0.001.

DPMi, 4 DPMl, g
Untreated -11.1% (p=0.0189)* 2.46% (p=0.198)
control
LICAP ~7.26% (p=0.684) 21.3% (p=0.0133%)
AA 9.25% (p=0.173) 38.3% (p=4.99 x 107°**)
LICAP+AA 11.7% (p=0.356) 42.2% (p=8.83x 10"+

*p<0.05; **p<0.001.

transcription factor Nrf2, as it competitively inhibits Keap1, which
sequesters Nrf2 in the cytoplasm.*>

The treatment effect of the concurrent therapy was found to be
superior to that of both single therapies. M| was decreased by 42.2%
in the LICAP + AA group during the whole treatment period, whereas

LICAP and AA reduced MI by 26.6% and 30.2%, respectively. This

DPMI, ¢

TABLE 2 Decreased percentage of
melanin index (DPMI).

12.2% (p=0.179)

26.6% (p=6.00x 107°**)
30.2% (p=0.0254%)
36.3% (p=2.38x 1074

suggests that both therapies do not interfere with each other at any
rate and may have additive or synergistic effects through the mecha-
nisms explained below (Figure 8).

It is more likely that LICAP treatment enhanced the diffusion
of AA into the deeper skin. Recently, several studies have sug-
gested that CAP can enhance drug diffusion into deeper tissues
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index by time. Each percentage was
calculated as the proportion of the melanin 40.00
index decrease based on the melanin index
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FIGURE 8 Schematic explaining the
mutually complementary effect of LICAP
treatment and topical AA application

on pigmentation recovery after ( \ Improve penetration ( \

photodamage. Low intensity

plasma jet

via both intra- and intercellular routes.*?> CAP downregulates the

expression of cell adhesion molecules,** *% induces detachment of

4748 and increases cell membrane permeability.*?>°

individual cells,
Therefore, the antecedent LICAP treatment might have facilitated
the topical AA treatment to overcome the critical limitation of skin

penetration.

Topical
antioxidants

Direct reduction of oxidative spp.
Antioxidation pathway activation
Melanosome autophagy induction

Accelerating epidermal turnover rate

- e.g., L-ascorbic acid
Buffer excessive RONS

Additionally, the subsequent topical AA application might have
offset the remnant RONS produced from the antecedent LICAP
treatment. Although the present LICAP treatment was proven to
have no effect on cell viability, the use of a potent antioxidant agent
may still reduce the possibility of overloaded oxidative stress in
cells. Therefore, it is possible that the pigment reduction effects of
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LICAP treatment and topical antioxidant AA application are mutually
complementary.

To the best of our knowledge, the present study is the first pro-
spective animal study to observe the effect of LICAP treatment on
pigment reduction in photoaged skin in a hairless mouse model.
However, there are some limitations in that it was a relatively small-
sized animal study and there was only one parameter setting for
LICAP treatment in the in vivo study. Although the data indicate that
the plasma density was low enough to avoid cell death, the present
data are not sufficient to reveal the exact therapeutic range for clin-
ical use in terms of efficacy and safety. Further investigations are,
thus, needed to set the ideal treatment protocol based on carefully
accumulated clinical experiences.

In summary, the LICAP treatment used in the present study can
tune RONS production in the target solution in a low, pre-saturated
range and does not result in cell death even with prolonged treat-
ment duration. The LICAP treatment showed a photoprotective ef-
fect against UV irradiation and accelerated the restoration of skin
color after photoaging in a hairless mouse model, similar to topical
AA treatment. The combination of both therapies was more effec-
tive than the single therapies. However, further investigations are

needed for the clinical use of this protocol.
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