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Abstract

Background: Recent evidence indicates that cold atmospheric plasma (CAP) can
upregulate the production of extracellular matrix (ECM) proteins in dermal
fibroblasts and enhance transdermal drug delivery when applied at a low
intensity.

Obijectives: The aim of this study was to evaluate the effect of low-intensity CAP
(LICAP) on photoaging-induced wrinkles in an animal model and the expression
profiles of ECM proteins in human dermal fibroblasts.

Methods: Each group was subjected to photoaging induction and allocated to
therapy (LICAP, topical polylactic acid (PLA), or both). The wrinkles were
evaluated via visual inspection, quantitative analysis, and histology. The
expression of collagen I/IIl and fibronectin was assessed using reverse
transcription-quantitative polymerase chain reaction, western blot analysis, and
immunofluorescence. The amount of aqueous reactive species produced by
LICAP using helium and argon gas was also measured.

Results: Wrinkles significantly decreased in all treatment groups compared to
those in the untreated control. The differences remained significant for at least 4
weeks. Dermal collagen density increased following LICAP and PLA application.
LICAP demonstrated a hormetic effect on ECM protein expression in human
dermal fibroblasts. The production of reactive species increased, showing a
biphasic pattern, with an initial linear phase and a slow saturation phase. The
initial linearity was sustained for a longer time in the helium plasma (~60s) than
in the argon plasma (~15s).

Conclusion: LICAP appears to be a novel treatment option for wrinkles on the
photodamaged skin. This treatment effect seems to be related to its hormetic
effect on dermal ECM production.
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INTRODUCTION

Wrinkles are one of the most prominent features of
photoaged skin.! Ultraviolet (UV) irradiation is largely
responsible for causing wrinkles because it negatively
alters the quality and quantity of extracellular matrix
proteins, such as collagen and fibronectin, by causing the
overproduction of reactive oxygen (ROS) and nitrogen
(RNS) species.”

Dermatologists have attempted to meet patients'
demands to improve wrinkled skin.® A variety of
energy-based devices (EBD), injectables, and topical
agents are being used to overcome unwanted wrinkles.
However, each treatment option has limitations; conven-
tional EBDs inevitably incorporate physical damage by
stimulating dermal cells; injectables cause pain during the
injection; topical agents, on the other hand, are the
gentlest option but still lack sufficient permeability to
reach the dermis.

Physical plasma, which is the fourth state of matter,
contains both ionized gas molecules and electrons.*
Ionized gas molecules in physical plasma are highly
electrophilic and produce radicals and reactive oxygen
and nitrogen species (RONS) in ambient air or living
tissues. Therefore, cold atmospheric plasma (CAP)
devices can be used effectively for the selective elimina-
tion of oxidative stress-vulnerable cells, such as cancer
cells, or pathologic microorganisms.* Meanwhile, a
growing body of evidence suggests that CAP can induce
skin rejuvenation by upregulating the production of
extracellular matrix proteins at low densities.”® The
authors explained this ironic phenomenon with hormesis,
a term indicating the dose-response relationship phe-
nomenon characterized by low-dose stimulation and
high-dose inhibition.'” Studies that subdivided plasma
doses have demonstrated that plasma exhibits a hormetic

(A)

FIGURE 1 Treatment device. (A) The exterior
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effect on fibroblasts; a low dose of plasma appears to be
more beneficial than a high dose.>” However, it is not
yet known whether these effects lead to gross wrinkle
improvement in the photoaged skin of living organisms.

Therefore, this study evaluated the effect of low-
intensity CAP (LICAP) on wrinkle improvement in
photoaged skin using an animal model. Moreover, the
expression profiles of collagen and fibronectin, the main
protein components of the dermis, were evaluated after a
fine subdivision of plasma doses. Based on the drug
delivery-enhancing effect of CAP, the benefit of concur-
rent therapy with topical application of a rejuvenation-
boosting agent was also investigated.

MATERIALS AND METHODS
Ethics approval

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

LICAP device and treatment application

The helium plasma jet device used in this study was
developed by AGNES Medical Co., Ltd. (Figure 1A,B).
N50 (99.999%) helium gas was used as the plasma vehicle
gas with a gas flow rate 0.12 L/min. Physical plasma was
generated using a 12kHz radiofrequency with 1000 W
power (peak voltage of 6kV). For the in vivo study, the
plasma jet was directly discharged onto the dorsal skin of
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the mouse for 1 min per treatment session. For the in vitro
study, plasma was applied indirectly to the subject cells
through plasma-activated media (PAM), which was
prepared by a plasma jet application to 3 ml Dulbecco's
modified Eagle's medium in 24-well plates at § mm height
for 5, 10, 15, 20, 25, and 30s. After subculturing (5 X 10°
cells, 80% growth) in four sets of six-well plates, each
medium was replaced with each PAM as allocated. The
cells were collected 24 h after plasma treatment for analysis.

Polylactic acid solution

Polylactic acid (PLA) solution was provided by Vaim
Co., Ltd. The solution was specifically designed for
enhanced transdermal penetration and contained PEGy-
lated PLA nanoparticles (1.5% w/v), loaded with poly pL-
lactic acid (1.5% w/v) and 2000 kDa noncrosslinked
hyaluronic acid (1.0% w/v). PLA solution (100 pul) was
applied topically to the dorsal skin of the mice.

Animal model for in vivo study

Male hairless mice (HRM1; Saeron Bio Inc.) were used in
the study after being housed under constant conditions, with
a humidity of 55 10%, a temperature of 23 + 2°C, and a
light cycle of 12 h night/12 h day for 7 days.

In vivo study design

Mice were divided into five groups of eight mice each
(Figure 2). The control group was not subjected to
photoaging induction or photoaging treatment. The
untreated group was subjected to photoaging but did not
receive any plasma treatment. The treatment groups, which
consisted of the LICAP treatment group, PLA treatment
group, and a concurrent treatment (LICAP + PLA) group,
respectively, were subjected to photoaging induction. To
induce photoaging, a 312 nm ultraviolet B (UV-B) light was
irradiated on the dorsal skin of the hairless mice, with

Co-stimulation

Photoaging-induction period period

gradually increasing doses from 30 to 70 mJ/cm?, using an
automated UV irradiation system (Bio-Spectra, Vilber
Corp.). Each allocated treatment (LICAP, PLA, or both)
was applied three times a week to each group for 4 weeks
(“costimulation period”). After all treatments were discon-
tinued, the changes were observed for another 4 weeks
(“treatment-off period”) to observe the persistence of the
treatment effects. UV-B irradiation was continued (70 mJ/
cmz’ three times a week) throughout the 8 weeks of the
costimulation and following treatment-off periods.

Efficacy evaluation

Gross magnified images and three-dimensional (3D)
microstructure of the dorsal skin were obtained with a
phototrichogram (Folliscope 4.0, LeadM) and an optical
3D skin measurement system (PRIMOS Lite, GFMes-
stechnik GmbH), respectively. Each measurement was
performed weekly during the study period.

To perform the quantitative analysis, wrinkle levels
were converted into numeric values using an optical 3D
skin measurement system. Ra (average of all heights and
depths to the reference plane) and Rmax (maximum
peak-to-valley roughness height) values were used as the
main parameters to represent the wrinkle levels.

The decrement percentage of Ra or Rmax values at a
specific moment (i) from the baseline (DPRa; or
DPRmax;) was calculated using the following equation:

(mean Ra at week 0 — mean Ra at week i)
DPRa; (%) =

mean Ra at week 0
Ra() - Ra,-
Rao

To perform a histological examination, the biopsy
samples obtained from the dorsal skin of the hairless
mice were fixed with 10% formalin for 12 h, embedded in
paraffin wax, and sectioned into 5Sum slices. After
staining the sections with hematoxylin and eosin and
Masson's trichrome, the patterns of changes in the
skin tissue were observed under an optical microscope

Treatment-off

period

UV-B (30 ~ 60 mJicm?)

UV-B (70 mJ/cm?)

Treatment (+) Treatment (-)

ow 4w 8w 12w
| | | | | | | |
1 | | 1 | | 1 1
ow 2w 4w 6w 8w
A A A A A

Photography :0, 2, 4, 6, 8 weeks
Skin roughness: 0, 2, 4, 6, 8 weeks
LICAP or PLA or both: 3 times / week

FIGURE 2 Study design scheme.
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(X200 magnification, DM750, Leica). Changes in epidermal
thickness were quantified using a slide-viewing application
(3DHISTECH Ltd.). Epidermal thickness was defined as the
vertical distance between the upper margin of the stratified
epithelium and the basement membrane.

Hs68 cell culture for in vitro study

Human primary foreskin fibroblasts (HS-68, American Type
Culture Collection) were grown in Dulbecco's modified
Eagle's medium supplemented with 10% fetal bovine serum
(FBS) (Thermo Fisher Scientific) and 1% penicillin—
streptomycin (10000 units and 10mg/mL, respectively;
Thermo Fisher Scientific) and incubated at 37°C in a
humidified chamber containing 5% CO,. The number of
passages for the cell culture ranged from 3 to 10.

Cell viability test

The cell viability was quantified using a colorimetric
WST-1 assay. Hs68 cells (1.5 x 10°/ml) were seeded in 96-
well plates and incubated at 37°C in a humidified
chamber containing 5% CO,. After 24 h, 10 ul of WST
reagent was added. The spectrophotometric absorbance
was measured at a wavelength of 450 nm.

Reverse transcription-quantitative polymerase
chain reaction assay for mRNA quantitation
(RT-qPCR)

RNA from Hs68 cells was extracted using the TRIzol
reagent (Invitrogen). The target RNA was reverse-
transcribed into cDNA using gPCR 2X PreMIX SYBR
(Enzynomics). The denaturation process lasted 10 min at
95°C, and PCR thermocycling was as follows: 40 cycles
of 10s at 95°C, 15s at 60°C, and 30 s at 72°C. The results
were calculated as cycle Ct values using the GAPDH
gene expression assay. Each purified mRNA (signal
intensity of 1.8-2.0 under 260/280nm fluorescence
excitation/emission wavelengths) was quantified using a
spectrophotometer (NanoDrop™; Thermo Fisher Scien-
tific). Detailed information regarding the process of the
RT-qPCR assay is presented in the Supporting Informa-
tion Data according to the minimum information for
publication of quantitative PCR experiments (MIQE
précis) (Supporting Information: Supplement 1)."!

Western blot analysis

The cells were cultured for 24 h in a medium to which FBS
was added. After removing the FBS, the treated medium
was replaced by the test medium. Cell lysates were
centrifuged at 13 000g for 20 min at 4°C. The supernatant

was recovered, and the protein concentration was
measured using the Bio-Rad reagent. Samples of the
same concentration were separated by electrophoresis on
a 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gel. The gel was blotted onto a membrane, which
blocked with 5% skim milk in Tris-buffered saline and
Tween 20 and incubated for 24 h. The blotted membranes
were incubated overnight at 4°C with the following
primary antibodies: antifibronectin (ab2413; Abcam
Plc.), anticollagen type I (ab138492), anticollagen type
IIT (ab7778), and anti-B-actin (control, sc-47778; Santa
Cruz Biotechnology, Inc.). After washing, the membranes
were incubated with secondary antibodies (horseradish
peroxidase-conjugated anti-mouse or anti-rabbit anti-
body; Vector Labs, Inc.) for 2 h. After washing, protein
expression was detected using enhanced chemilum-
inescence detection reagents (Pierce Biotechnology).

Immunocytochemistry study

Cells cultured in four-chamber glass slides were fixed
with 4% paraformaldehyde at room temperature
(20-22°C) for 10min. Fixed cells were permeabilized
with 0.1% Triton X-100 for 10 min, washed twice with
phosphate-buffered saline, and blocked with 2% bovine
serum albumin for 10 min. The four-chamber glass slides
were incubated with the following antibodies: antifibro-
nectin (ab2413) for 24 h and goat anti-rabbit immuno-
globulin G (IgG; Alexa Flour 488; ab150077) for 1h.
After applying DAPI mounting solution for 30 min, the
cells were analyzed using a fluorescence microscope
(Olympus Optical) at x40 magnification.

Quantification of collagen production

Image threshold analysis software (ImageJ, National Insti-
tutes of Health) was used to quantify the amount of collagen
marked in the Masson's trichrome and immuno-
cytochemistry assays. Image processing and analysis were
performed according to the previously established
protocols.'>!* The quantitative analysis was based on the
color density values measured among five independent
square areas with a side length of 100 um. The RGB (red,
green, and blue) colors of the sample images were
deconvoluted. The blue component for Masson's trichrome
staining and green component for the immunocytochemistry
assay were used for quantification. The arbitrary unit was
defined as the value obtained by dividing the color density in
each group by that in the normal control group.

Quantification of reactive species production

To quantify the reactive species, plasma was induced in
3 ml phosphate-buffered saline in a 12-well plate at an
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8 mm height for 5, 10, 15, 30, 60, and 120s. Argon and
helium gas, the two most commonly used noble gases for
plasma jet generation in medical applications, were used
as vehicle gases for comparison. The other treatment
conditions associated with plasma generation in the
device were the same as those used in the in vivo
investigations. The amount of aqueous reactive species
produced in the target solution was measured using
a RONS assay kit (OxiSelect™, Cell Biolabs Inc.)
following the manufacturer's instructions. A 2',7'-
dichlorodihydrofluorescein (DCF) standard curve was
used to quantify reactive species production. Briefly,
50 pl of the catalyst was added to the sample, and 100 pl
of DCF solution was added to the sample and incubated
for no more than 20 min. The fluorescence emitted from
the redox reaction in the solution was measured using a
plate reader (Gemini EM; Molecular Devices) at 480/
530 nm excitation.

Statistical analysis

A one-way ANOVA followed by Tukey's multiple
comparisons and Student's #-test were used to detect
and determine significant differences between each
treatment group and the untreated control (GraphPad
Prism 7.0). For the #-test, the Shapiro—Wilk test was used
to confirm whether the sample populations were nor-
mally distributed. All experiments were performed in
triplicate, and all data are expressed as mean £ SD. Each
mean difference was considered significant when the
p value was <0.05.

RESULTS

Impact of LICAP treatment on cell viability and
body weight

The WST-1 assay and body weight measurements were
performed to evaluate safety. The data from the WST-1
assay showed no significant change in viability between
the groups during the entire observation period (Sup-
porting Information: Supplement 2A). Body weight did
not show any significant changes during the study period
(Supporting Information: Supplement 2B).

LICAP and PLA treatments visually improved
the UV-induced wrinkles

Visual inspections were performed on magnified images
obtained from the phototrichogram (Figure 3A) and the
optical 3D skin measurement system (Figure 3B,C).
After 4 weeks of costimulation, the treatment groups
showed an improvement with regard to the UV-induced
wrinkles whereas the untreated group did not. During

the 4-week treatment-off period, the wrinkles slowly
began to reappear after the UVB irradiation. Among the
treatment groups, the treatment effect and its persistence
seemed exhibited the best in the concurrent therapy
(LICAP + PLA) group. For this group, no specific skin
lesions were detected via visual inspection during the
treatment period, with the exception of photoaging-
related wrinkles.

Surface roughness improvements via LICAP and
PLA treatments

A quantitative analysis of wrinkle severity was per-
formed based on the data from the optical 3D skin
measurement system (Figure 4A,B and Tables | and 2).
The photoaging induction in this study was deemed to be
valid based on the significant differences in Ra and Rmax
values between the normal and untreated control groups
during the treatment period. During the costimulation
period (Weeks 0—4), the mean Ra and Rmax values
gradually decreased in the treatment groups. The mean
Ra and Rmax values of the three treatment groups were
lower than those of the untreated group during most of
the study period (costimulation period + treatment-off
period). The differences were significant between the
concurrent treatment group (LICAP+PLA) and the
untreated group from Week 1 onwards. The LICAP and
PLA groups showed significantly lower Ra and Rmax
values than the untreated control from Week 2 onwards.
These differences persisted at the end of the treatment
period (~Week 8).

The decrement percentage of the mean Ra or Rmax
value at a specific moment (i) from baseline, DPRa; and
DPRmax; are presented as line graphs to clearly visualize
the changes in wrinkle improvement over time
(Figure 5A,B). The DPRa; and DPRmax; values of the
three treatment groups (LICAP, PLA, and LICAP+
PLA) gradually increased during the costimulation
period. These improvements diminished during the
treatment-off period but were still markedly higher than
those of the untreated group. At Week 4, the end of the
costimulation period, DPRa, and DPRmax, were the
most remarkable in the LICAP + PLA group (30.8% and
37.4%), followed by that in the LICAP group (23.5% and
28.1%) and the PLA group (22.8% and 20.5%). At Week
8, the end of the treatment-off period, DPRag and
DPRmaxg, were 23.1% and 25.1% in the LICAP + PLA
group, 24.1% and 23.0% in the LICAP group, and 13.8%
and 11.3% in the PLA group.

Histologic changes after treatment
administration

Skin biopsies were performed to investigate the histolog-
ical changes in the treated skin (Figure 6A—C). The data
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FIGURE 3 Photographs for visual inspection. (A) Phototrichogram image of dorsal skin. (B) Color height maps. (C) three-dimensional (3D)
mapping images of dorsal skin obtained from the optical 3D skin measurement system.

from the histological examination showed a marked
decrease in collagen density and an increase in
epidermal thickness in the untreated skin compared
to those of the normal control group, suggestive
of the photoaging effects of UV-B irradiation
(Figure 6A). In the treatment groups, dermal collagen
density was higher than that in the untreated control.
Especially at Week 8, the collagen densities of the

treatment groups appeared to be similar to that of the
normal control group. The treatment groups exhib-
ited thinner epidermises than did the untreated
control. However, the difference in epidermal thick-
ness was not as obvious as that in collagen density.
Collagen density and epidermal thickness, the two
main factors that contribute to UV-induced wrinkles,
were quantitatively analyzed using an image threshold
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As a result of subdividing the time of exposure to

Week 6

dimensional skin measurement system. (A) Ra value. (B) Rmax value

Week 5

Immunocytochemistry was performed to determine
whether the increase in dermal collagen density after
plasma irradiation confirmed in histological tests was due
to an increased amount of dermal matrix proteins
LICAP, relatively more dermal matrix proteins were
expressed in the groups exposed to the plasma for very
short times (5 and 10s) than in groups with a longer
duration of plasma exposure. The data from the western
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(Figure 7A;
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epidermal thickness was significantly higher at Weeks 4
and 8. In contrast, the collagen density of every
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FIGURE 4 Quantitative analysis of wrinkles on dorsal skin via the three

(*p<0.05, **p <0.01, compared to the untreated group).
analysis software and a slide-viewing application

groups than in the untreated group. Compared to the

epidermal thicknesses, the collagen densities of the
treatment groups were closer to those of the normal

thickness was significantly lower in the treatment
control group.

group; collagen density was significantly lower

(Figure 6B,C). Owing to UV-B
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blot analysis seemed to correlate with the data from the
immunocytochemistry examination; the bands of short-
exposure groups (5 and 10s) were denser than those of
the long-exposure groups (Figure 7B; Supporting Infor-
mation: Supplement 4).

An RT-qPCR was performed to determine whether the
change in the amount of dermal matrix proteins was
associated with increased endogenous synthesis (Figure 7C).
As shown in the immunocytochemistry and western blot
data, mRNA expression was significantly increased in the
short-exposure group (5 and 10s), whereas the longer
treatment duration groups showed no significant changes.

Quantification of aqueous reactive species
produced via LICAP treatment

A RONS assay using 2',7'-dichlorofluorescein oxidation
was performed to estimate the quantity of aqueous
reactive species produced via LICAP treatment
(Figure 8). The helium plasma produced less RONS
than the argon plasma at every treatment time, and the
differences were significant from 5 to 30s (p <0.01;

FIGURE 5 Decrement percentage of mean
(A) Ra and (B) Rmax values from Week 0

(*p <0.05, **p <0.01, compared to the untreated
group).

- Untreated

o— LICAP
--&-- PLA
—a—LICAP + PLA

@-- Untreated

o LICAP
--@-- PLA
—a—LICAP + PLA

Figure 8A). Notably, the increasing pattern of RONS
production was biphasic in both groups; the initial phase
with high linearity was followed by a slow saturating
phase (Figure 8B). The initial phase of the helium plasma
was longer (0-60s) than that of argon plasma (0-155s).
The data from both gases were closely fitted to a linear
regression line (R*=0.9918 and 0.9614, respectively;
Figure 8C,D).

DISCUSSION

This study evaluated the effects of LICAP on photoaging-
induced wrinkles in an animal model and the expression
profiles of extracellular matrix proteins in human dermal
fibroblasts. LICAP was defined to distinguish the device
from other conventional CAP devices that are designed to be
used in a destructive manner, such as for skin resurfa-
cing,'*'® cancer therapy,'” or tissue coagulation.'® In this
paper, the term LICAP indicates a physical plasma device
that is designed to tune its plasma effluent intensity in a low
range to enhance the tissue (or cell) regeneration without
damaging its viability.
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FIGURE 6 (A) Histologic examination of dorsal skin at Weeks 4 and 8 (hematoxylin & eosin and Masson's trichrome stains, X200
magnifications, each scale bar indicates 100 um). Quantitative measurement of collagen density (B) and epidermal thickness (C) via image analysis

(*p <0.05, **p <0.01, compared with the untreated group).

According to visual inspection, photoaging induced
typical changes in photoaged skin (Figure 3A-C). In
the treatment groups, UV-induced wrinkles improved
after the treatments, of which the effects persisted for 4
weeks post-treatments. The treatment effect and its
persistence in the concurrent therapy (LICAP + PLA)
group seemed to be the most prominent among the
treatment groups.

These visual changes in UV-induced wrinkles after
treatment were also evident in the results of the
quantitative skin roughness analysis (Figure 4A,B). The
differences in the mean Ra and Rmax values between
each treatment group and the untreated group were
significant for most of the study period (costimulation
and treatment-off periods). The differences were signifi-
cant between the concurrent treatment group (LICAP +
PLA) and the untreated group from Week 1 until the end
of the study; the LICAP and PLA groups showed
significantly lower Ra and Rmax values than the
untreated control did from Week 2 onwards.

DPRa; and DPRmax;, the decrement percentage of
the Ra or Rmax value at a specific moment (i) from
baseline, were useful for visualizing wrinkle improvement
over time (Figure 5A,B). The data from the skin
roughness measurement suggested that the groups
treated with LICAP, topical PLA, and concurrent
therapy were able to mitigate the UV-induced wrinkles;
the mean Ra value decreased by 23.5% (DPRay) after
4 weeks of LICAP treatment (DPRmaxy=28.1%);
DPRa, in the PLA group was 22.8% (DPRmax,=
20.5%); DPRay in the LICAP + PLA group was 30.8%
(DPRmaxy = 37.4%).

Moreover, the LICAP and PLA groups seemed to either
delay or suppress the reoccurrence of UV-induced wrinkles
after discontinuation; in the LICAP group, DPRag and
DPRmaxg were 24.1% and 23.0%, respectively; DPRag
and DPRmaxg were 13.8% and 11.3% in the PLA group and
23.1% and 25.1% in the LICAP + PLA group, respectively.
By contrast, the DPRag and DPRmaxg of the untreated
group were —0.7% and 7.4%, respectively.
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FIGURE 7 Data from (A) immunocytochemistry, (B) western blot, and (C) reverse transcription quantitative polymerase chain
reaction analyses. Expression levels of the main extracellular matrix proteins in human dermal fibroblasts show a hormetic response to the LICAP
treatment (*p <0.05, **p <0.01 in (C), compared with the untreated group). LICAP, low-intensity cold atmospheric plasma.

These changes in UV-induced wrinkles were also
reflected in the histological data (Figure 6A-C). The
histological examination revealed that the photoaging
induction conducted in this study was effective enough to
induce typical changes in photoaging, including
decreased collagen density and increased epidermal
thickness. These changes were suppressed by the
treatments, which was particularly noticeable in collagen
density. Hence, the results of the histological analysis
suggest that the change in the density of dermal matrix
proteins contributed to wrinkle improvement via these
treatments.

The in vitro studies demonstrated that LICAP had a
hormetic effect on the expression of dermal matrix
proteins in human dermal fibroblasts; low doses (5 and
10s) of LICAP significantly upregulated the expression
of collagen I/III and fibronectin, whereas higher doses
did not (Figure 7A—C). This result is consistent with
those of previously reported studies that observed the
hormetic effect of CAP.'”** Recently, Hwang et al.’
suggested that low-dose CAP could be used to treat
wrinkles based on the mechanism of hormesis. The
authors’ in vitro study revealed that this treatment

upregulated collagen production in human dermal
fibroblasts. Moreover, they found that the treatment
demonstrated interesting antiaging effects on UV-
irradiated human dermal fibroblasts, such as the activa-
tion of antioxidant transcription factors, including
nuclear factor erythroid 2-related factor 2 (Nrf2), the
upregulation of levels of endogenous cytoprotective
proteins (sirtuin 1 and heme oxygenase 1 [HO-1]),
the attenuation of intracellular RONS accumulation,
the inhibition of cellular senescence via p53 activation,
and the stabilization of mitochondrial potential.
According to recent studies, the hormetic effect
induced by LICAP treatment seems to be related to
activation of the Nrf2/antioxidant response element
(ARE) pathway."”?* Through this mechanism, a mild
elevation of intracellular oxidative stress induced by
LICAP upregulates the cellular endogenous antioxidant
buffering capacity?'***>?% and induces selective autop-
hagy.? *? Kelch-like ECH-associated protein 1 (Keapl),
which is consistently expressed in the cytoplasm,
sequestrates the Nrf2, a transcription factor for various
endogenous antioxidants.””** As a sensor protein for
oxidative stress, Keapl is sensitive to increased levels of
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FIGURE 8 Quantification data for the aqueous reactive species production. (A) RONS production by time in helium and argon plasma. Note
the significant differences between vehicle gases from 5 to 30s. (B) Time-scaled RONS production curves using helium and argon plasma. (C, D)
Initial linearly increasing phases of the RONS production curves of helium and argon plasma. Statistical significance was measured by comparison
between the previous time and the present (*p <0.05, **p <0.01. RFU, relative fluorescence units. DCF, 2’,7’-dichlorodihydrofluorescein); RONS,
reactive oxygen and nitrogen species.
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reactive species (ROS, RNS, or free radicals) through its
cysteine residues.”®** When the sensor cysteine residues
are oxidized by reactive species, Nrf2 is released from
Keapl and translocated into the nucleus.”® Nrf2 then
binds to the ARE sequence on the nuclear DNA and
upregulates the expression of a variety of Phase 2
antioxidant proteins, such as NAD(P)H:quinone oxido-
reductase 1 (NQOI1), glutathione S-transferase subunit ya
(GST ya), gamma-glutamylcysteine synthetase (y-GCS),
and HO-1 to increase the cellular antioxidant buffer
capacity.>>® The activation of Nrf2 also triggers
selective autophagy by upregulating the expression of
p62, a key adaptor substrate protein for selective
autophagy.”’ Moreover, p62 competitively inhibits
Keapl, allowing Nrf2 to remain activated. In other
words, p62 and Nrf2 form a positive feedback loop upon
activation.”*

Interestingly, concurrent therapy (LICAP + PLA)
showed an additive effect on wrinkle improvement. The
effect of LICAP was augmented by topical PLA
application, which is a widely used injectable material
to stimulate collagen synthesis in the dermis.’’** The
additive effect of concurrent therapy is likely related to
the ability of CAP to enhance transdermal drug delivery
via transcellular and intercellular routes.*> CAP enhances
the transcellular route by increasing the permeability of
the plasma membrane through the peroxidation of lipid
components in the phospholipid bilayer.**>" CAP
also enhances intercellular delivery by suppressing
the expression of cell adhesion molecules, such as
E-cadherin.?’?

Our quantification analysis confirmed that the
LICAP device used in the present study could
precisely adjust the reactive species production in
the target solution (Figure 8 A-D). Choosing helium
over argon as a vehicle gas is an easier way to
designate a therapeutic range because it produces
reactive species at a lower level (Figure 8A) and in a
gentler manner (Figure 8B—D). This is because helium
has the highest ionization energy among the vehicle
gases commonly used for generating plasma jets.
Under the same plasma-generating condition, the
output plasma density from the helium plasma jet is
lower than that of the others because the helium atom
has the lowest chance of being ionized.”?

Understandably, the “therapeutic window” is an
important concept in LICAP treatments using the
hormesis effect because the treatment might result in
toxic effects if the dose exceeds the endogenous
antioxidant buffering capacity.® In other words, the
yet unknown “inflection point” must exist somewhere,
and the oxidative stress caused by LICAP therapy should
not exceed it to achieve a cytoprotective effect. There-
fore, to achieve hormesis via LICAP treatment, the
plasma density of the device should be precisely tuned to
a low range.

Several features of the device used in this study made
it possible to enable the generation of low intensity and
precisely tuned plasma: (1) radiofrequency (RF) as an
energy source, (2) a helical-shaped electrode and gas flow
path, and (3) helium as a vehicle gas (Figure 1B). First, it
is easier to tune the output energy precisely with the RF
method than with the magnetron or arc methods.
Second, the device has a helical-shaped RF electrode,
whereby the vehicle gas maintains contact with the
electrode for as long as possible. Lastly, using helium
rather than argon as a vehicle gas increased the efficiency
of the procedure.

The LICAP treatment used in this study seems to
be an attractive antiaging modality for both derma-
tologists and patients because it does not ablate the
tissue. The results of the present study suggest that
LICAP, a CAP with an intensity precisely limited to a
low range, can rejuvenate photoaged, wrinkled skin
without any destructive damage. However, to develop
a LICAP device and its treatment protocol for gentle,
effective rejuvenation, identifying the therapeutic
window becomes a priority, however difficult. A major
issue with the latter is that there are limited ways to
define fluence (energy density, J/cm?), which is a term
meant for EBD users to communicate with each
other. This is because the form of energy medium of
any plasma device is material (i.e., the ionized or
excited gas molecules and free electrons) whereas that
of the conventional EBDs (i.e., laser, RF device,
and high-intensity focused ultrasound) is waveform
(i.e., electromagnetic wave and sound wave). There-
fore, unlike other EBDs, the ideal parameter of
plasma therapy should be estimated based on the
oxidation—reduction status of the target tissue or cell
rather than the plasma-generating condition.'” How-
ever, a feasible technique for real-time target mon-
itoring has yet to be developed. We are eager to seek a
way to implement it and concurrently develop
appropriate treatment protocols based on clinical
outcomes.

To the best of our knowledge, the present study is the
first to demonstrate the effect of LICAP on UV-induced
wrinkles using an animal model; LICAP treatment
significantly improved photoaging-induced wrinkles on
the dorsal skin of hairless mice. However, this study was
limited by the scope of the study which did not reach the
estimation of the therapeutic range or the proper
treatment protocol for human use. Additionally, the
efficacy and safety of LICAP in photoaged human skin
should be evaluated in further clinical trials, based on a
sufficient review of safety.

In summary, LICAP significantly reduced UV-
induced wrinkles in an animal model, and this effect
persisted for at least 4 weeks after treatment was
discontinued. The data from our histological and in
vitro investigations indicate that the improvement of
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UV-induced wrinkles is related to the enhanced expres-
sion of dermal matrix proteins in human dermal
fibroblasts, which shows a hormetic dose-response
relationship. The effect of LICAP treatment on UV-
induced wrinkles was augmented by the concurrent
topical application of the PLA solution. An ideal
strategy, such as vehicle gas selection and plasma-
generating parameters, for LICAP treatment should be
determined when considering the therapeutic window.
Further clinical studies are required to confirm these
findings.
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