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Abstract

Non-thermal plasma (NTP) has several beneficial effects, and can be applied as a novel instrument
for skin treatment. Recently, many types of NTP have been developed for potential medical or
clinical applications, but their direct effects on skin activation remain unclear. In this study, the effect
of NTP on the alteration of mouse skin tissue was analyzed. After NTP treatment, there were no
signs of tissue damage in mouse skin, whereas significant increases in epidermal thickness and dermal
collagen density were detected. Furthermore, treatment with NTP increased the expression of
various growth factors, including TGF-a, TGF-3, VEGF, GM-CSF, and EGF, in skin tissue. Therefore,
NTP treatment on skin induces the expression of growth factors without causing damage, a
phenomenon that might be directly linked to epidermal expansion and dermal tissue remodeling.
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Introduction

The skin is the largest organ of the body,
accounting for approximately 16% of the total body
weight of an adult [1]. Skin is constantly exposed to
external environments and serves as a protective
barrier [2], protecting the body against exogenous
hazards, including biological infection, chemical
substances, and UV [3]. The skin is composed of two
layers, the epidermis (upper layer) and the
underlying layer of dermis (lower layer). The
epidermis is mainly composed of keratinocytes
(approximately 90% of the epidermis) [4, 5]. Although
the dermis contains several functional tissues,
including nerves, hair follicles, and sweat glands [6], it
is mainly comprised of collagen, fibroblasts, and
elastin fibers that provide nutrients [7].

Maintenance of healthy skin is important not
only for anti-aging and rejuvenation, but also for
wound healing. Skin aging accompanies reduction in
collagen, decrease in various growth factors, and loss

of fibroblasts [8-10]. To protect skin from aging,
keratinocytes in the epidermis need to proliferate and
fibroblasts in the dermis need to actively produce
extracellular matrix proteins such as collagen and
elastin fibers [7, 11]. For successful healing of skin
wounds, a series of events should proceed favorably,
including coagulation, inflammation, re-epitheliali-
zation, wound contraction, extracellular matrix
rearrangement, and angiogenesis [12-14]. The skin
beauty market has been growing tremendously with
improvements in the quality of life, and healing of
skin wounds has also been of huge importance in
terms of bedsore treatment due to the acceleration of
aging. Therefore, several studies on anti-aging and
wound healing are under way.

Recently, non-thermal atmospheric plasma has
shown beneficial effects on the healing of skin
wounds; therefore, it has been considered as a
potential tool for skin treatment. According to
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Heinlin’s report, repeated plasma treatment for two
minutes a day on the site of venous ulcers resulted in
excellent wound healing. A previous study showed
that repeated plasma treatment performed eleven
times resulted in no bacteria in the wound area [15]. In
our previous study, treatment of skin cells with
low-temperature microwave plasma increased the
expression of collagen fibers, fibronectin, and vascular
endothelial growth factor (VEGF) genes; no thermal
damage to the cells, due to the plasma or change in
the pH of the medium, was observed [16]. These
studies clearly suggest that plasma can be a great tool
for anti-aging and healing of skin wounds. However,
there have been many studies on the phenomenon
occurring in the skin caused by plasma, but the
mechanism causing such phenomenon has been
poorly reported. In our previous studies, we have
shown that in the process of wound healing,
non-thermal plasma (NTP) inhibited E-cadherin of
keratinocytes in the epidermis, thereby [-catenin
binds to E-cadherin to migrate to the nucleus because
of the weak bond and acts as a transcription factor for
cell division [17].

In this study, we focused on the expression of
several growth factors in epidermal tissue, since along
with the contribution of E-cadherin and -catenin, the
involvement of cell growth factors seems to be
essential for NTP-mediated biological changes in
dermal tissue. To this end, HRM2 hairless mice were
subjected to repeated treatment with NTP. After the
treatment, NTP-mediated changes in skin tissue,
along with the epidermis and dermis, was monitored.
Furthermore, NTP-mediated changes in the
expression of growth factors, including transcription
growth factor (TGF)-qa, TGF-B, VEGEF,
granulocyte-macrophage colony-stimulating factor
(GM-CSF), and epidermal growth factor (EGF), all of
which are well known in wound healing and dermal
tissue remodeling, were monitored. Taken together,

this study suggests that NTP-mediated secretion of
several growth factors in the epidermis can be a cause
of changes in deep skin.

Methods

NTP device

The NTP device used in this study consisted of
two electrodes and an alumina tube, which is a coaxial
dielectric  barrier discharge configuration. A
stainless-steel rod with 3 mm inner diameter was used
as the inner electrode and copper tape with a width of
10 mm was used as the outer electrode. An alumina
(Al203) tube (4 mm inner diameter and 6 mm outer
diameter) served as a dielectric, which prevented the
transition of glow to arc discharges. The argon
working gas was delivered at a flow rate of 2 standard
liters per minute using a mass flow meter. The
directions of the gas flow and the electric field are
perpendicular to each other. A sinusoidal high
voltage of 3 kV with a frequency of 15 kHz was
applied to the inner electrode and the outer copper
electrode was grounded (Figure 1). Non thermal
plasma generated in this device does not extend from
the nozzle like a plasma jet, but generated between
the inner electrode and the alumina tube with
discharge volume of 7.85 mm?.

Mouse experiments

Five-week-old male HRM2 melanin-possessing
hairless mice were obtained from Central Laboratory
Animal Inc. (Seoul, Korea). All experimental protocols
in this study were approved by the Animal Ethics
Committee, Pusan National University (PNU
017-1446). Mice (n = 5 per group) were subjected to
repeated treatments with gas only (GO) and NTP for a
total of six times for 5 min each. After the final
treatment at two weeks, the mice were sacrificed, and
their skin tissues were collected for histology.
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Figure 1. The structure of the non-thermal plasma (NTP) device. A schematic of the NTP device and operating process in this experiment.
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Hematoxylin and eosin staining

Mouse skin sections were stained with
hematoxylin and eosin (H&E). Tissue sections with a
thickness of 5 um were fixed with 10% formalin,
embedded with paraffin, cut on salinized glass slides,
deparaffinized three times with xylene, and
rehydrated through graded ethanol. After
deparaffinization, rehydration, and rinsing with
distilled water, the sections were stained with Harris
hematoxylin for 3 min, and then stained in an aqueous
solution of eosin for 30 s. The sections were
dehydrated in ethanol and cleared in xylene. The
samples were imaged using an Axio Scan Z1 slide
scanner (Goettingen, Germany).

DAPI staining

Mouse sections were stained with DAPI
(4',6-diamidino-2-phenylindole) for nucleic acids and
mounted with ProLong™ Gold Antifade Mountant
contained in the DAPI. Fluorescent images were
acquired and analyzed using a Zeiss LSM 700 laser
scanning confocal microscope (Goettingen, Germany).

Masson's trichrome staining
The slides were treated overnight with Bouin's

solution at 25°C, and then rinsed under tap water for
10 min to remove the yellow color. To stain the nuclei,
slices were stained with Weigert iron hematoxylin for
10 min. Then the slides were stained in Biebrich
scarlet acid fuchsin solution for 2 min, and
differentiated in phosphomolybdic-phosphotungstic
acid solution. Slides were disposed with aniline blue
for 2 min and differentiated in 1% acetic acid.
Subsequently, the slides were dehydrated and
cleared. The samples were imaged using an Axio Scan
Z1 slide scanner (Goettingen, Germany).

Immunohistochemical analysis

Mouse skin from NTP-treated groups was
prepared for immunohistochemical analysis of the
expression of TGF-a, TGF-B, VEGF, GM-CSF, and
EGF. Tissue sections (5 um in thickness) were fixed
with 10% formalin, embedded with paraffin, cut on
slides, deparaffinized three times with xylene, and
rehydrated through graded alcohol. To diminish
non-specific staining, each section was treated with
0.3% hydrogen peroxide for 10 min and protein
blocking solution (Abcam, Cambridge, MA) for 10
min. The sections were incubated with the following
primary antibodies: rabbit polyclonal anti-TGF-a
(1:400), TGF-p (1:250), VEGF (1:100), GM-CSF (1:100),
and EGF (1:100) overnight at 4°C in Antibody Diluent
(Dako, Glostrup, Denmark), and each section was
then treated with biotinylated secondary antibody
(1:100) (Dako, Glostrup, Denmark). The sections were

incubated with avidin-biotin horseradish peroxidase
complex (ABC) (Vector Laboratories, Burlingame,
CA) for 30 min. The peroxidase binding sites were
detected by staining with 3,39-diaminobenzidine
tetrahydrochloride = (DAB)  (Dako,  Glostrup,
Denmark). The samples were then counterstained
with Mayer’s hematoxylin (Dako, Glostrup,
Denmark) imaged using an Axio Scan Z1 slide
scanner (Goettingen, Germany).

Statistical analysis

One-way ANOVA and post-hoc Tukey’s test
were used to compare treatment effects for
experiments. The results are presented as mean *
standard error (SE). p < 0.05 was considered to be
statistically significant.

Results and discussion

Histology of mouse skin after NTP treatment

The mouse tissue sections were stained with
H&E and Masson’s trichrome staining solutions to
examine the change in the general morphology of
mouse skin and dermal collagen fiber. In both
histological analyses, we found that the epidermal
layer of mouse skin treated with NTP was much
thicker than that without NTP or with gas only
(Figure 2A). The increment in epidermal thickness
was a result of the proliferation of keratinocytes in the
epidermal layer. Hoechst staining showed that the
nuclei of cells were actively dividing (Figure 2B).
These results demonstrated that NTP could induce
skin cell proliferation, as E-cadherin was inhibited by
plasma treatment so that B-catenin was released to the
cytosol and played a role as a transcriptional factor.
As shown in figure 2C, quantitative measurement
indicated that the epidermal thickness of skin treated
with NTP was twice that of non-treated and
gas-treated groups (p < 0.001). These results suggested
that NTP effectively caused the proliferation of the
epidermal layer, so that it would be useful not only
for wound healing, but also for maintaining healthy
skin by protecting skin from aging.

Collagen is a structural component of the
dermis and a very important factor in anti-aging and
skin regeneration. To further examine the histological
appearance of collagen fibers in mouse skin tissue, we
performed Masson’s trichrome staining. The blue
color indicated the expression of collagen fibers. The
density of dermal collagen fibers in the non-treated
group was lower than that in the NTP-treated group.
Furthermore, the deposition of the collagen fibers was
compact and thicker in the NTP-treated group (Figure
3). Masson’s trichrome staining showed that NTP
promoted the production of collagen in the dermal
layer. Fibroblasts in the dermal layer produce various
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Figure 2. The effect of NTP on mouse skin at day 14. A. After sacrificing the mouse, skin sections obtained from
the non-treated group (NT), gas-treated group (GO), and NTP-treated group (NTP) were stained with
hematoxylin and eosin (H&E), 100x. B. After sacrificing the mouse, skin sections obtained from the non-treated
group (NT), gas-treated group (GO), and NTP-treated group (NTP) were stained with DAPI, 100x. C.
Quantitative analysis of epidermal thickness in the non-treated group (NT), gas-treated group (GO), and

NTP-treated group (NTP). ¥ p < 0.001 (ANOVA).

extracellular matrix components.
Thus, we investigated the expression
of various growth factors in mouse
skin after NTP treatment by means of
immunohistochemistry.

NTP

Immunohistochemical staining
of mouse skin after NTP
treatment

’ Immunohistochemical analysis
-* = was performed to monitor the
changes in growth factors in the
epidermis and dermis after NTP
treatment in mouse skin. A growth
factor is a substance that stimulates
cellular growth, proliferation, and
differentiation under controlled
conditions [20]. It is secreted by all
cell types and known to play a
significant role in anti-aging and
tissue regeneration [21]. A number of
growth factors are secreted from the
epidermis and dermis, including

TGF-a, TGF-B, VEGF, GM-CSF,
fibroblast growth factor (FGF)-2,
platelet-derived  growth  factor,

keratinocyte growth factor, and EGF
[22-24]. In the present study, after
treatment with NTP for two weeks,
the expression of TGF-a, TGEF-f,
VEGF, GM-CSF, and EGF were
increased in mouse skin (Figure 4).
TGF-a is a single-chain polypeptide
that is a ligand for the EGF receptor
related to EGF [25]. The general
function of TGF-a is to activate a
signaling pathway for cell restitution,
proliferation, differentiation, and
development [26]. After NTP
treatment, it was strongly expressed
over the epidermal layer, especially
filling the cytosol of keratinocytes.

extracellular matrix proteins such as collagen fibers,
elastin fibers, and fibronectin [18-19]. In the present
study, the increase in collagen fibers in the dermal
layer was likely caused by the activation of fibroblasts
after NTP treatment. In turn, they synthesized and
produced a large amount of collagen in the dermis.
Since the skin barrier function is mainly mediated by
the epidermal tissue, NTP treatment cannot affect
fibroblasts directly. Therefore, we assumed that
growth factors were produced from the epidermis
after NTP treatment, and they then stimulated the
fibroblasts to produce and secrete several types of

Considering that the thickness of the

dermal layer was increased by NTP
treatment, keratinocytes were stimulated by NTP and
actively produced TGF-a, which supposedly caused
neighboring cells to proliferate.

TGF-f stimulates fibroblasts and keratinocytes to
induce cell migration, wound healing, and tissue
repair [27]. In our previous study, wounded skin
treated with NTP healed much faster than that
without NTP treatment [17]. In the healing of skin
wounds, re-epithelialization is very important as it is
essential for cell migration. Keratinocytes, Langerhans
cells, and Merkel cells exist in the epidermis, and
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Figure 3. The expression of collagen on mouse skin after NTP treatment at day 14. After sacrificing the mouse, skin sections obtained from the non-treated group (NT),
gas-treated group (GO), and NTP-treated group (NTP) were stained with Masson’s trichrome stain (MTS), 100x%.

among them, keratinocytes are the major component
[28]. The results of the present study showed that
TGF- was expressed in the nuclei of several types of
cells in the epidermis. It was unclear which cells
expressed TGF-p, but it was distributed in the nuclei
of cells. Furthermore, TGF-$ was also expressed in
cells of the dermis. As shown in figure 3, collagen
density was increased after NTP treatment. Collagen
fibers in the dermis are synthesized by fibroblasts,
thus the increase in TGF-p by NTP could activate
fibroblasts to produce collagen fibers.

VEGF, also known as vascular permeability
factor, is a disulfide-linked dimeric glycoprotein of
approximately 40 kDa that induces angiogenesis,
endothelial cell proliferation, and activation of
monocytes/macrophages [29-31]. In the present
study, VEGF was expressed over the epidermal layer,
but not in the basal layer, which is the lowermost
layer of keratinocytes. This result is in agreement with
the in-vitro data in our previous study, which showed
that NTP treatment on HaCaT keratinocytes and
human dermal fibroblasts increased VEGF mRNA
expression. Synthesized VEGF most likely stimulates
new blood vessel formation in NTP-treated areas in
the dermis and supplies nutrients to fibroblasts.
GM-CSF is a 23-kDa glycoprotein that plays a
significant role as an immune-modulator, activating
macrophages and granulocytes. Moreover, GM-CSF
promotes  angiogenesis, keratinocyte  growth,
epidermis regeneration, and wound healing [32, 33].
In the present study, GM-CSF was strongly expressed
in the epidermal layer, including the basal layer,
unlike the case of VEGF. It seems that the expression
of GM-CSF after NTP treatment was strongly related
to wound healing by NTP. EGF is a small protein with
a molecular mass of 6 kDa, which increases the
renewal rate of aging cells and accelerates wound
healing in skin [34]. In addition, it stimulates the
proliferation of epidermal cells and differentiation of

skin appendages [35]. In particular, EGF has been
considered to be important in esthetics, and it has
been widely used for skin rejuvenation. In the present
study, EGF was expressed over the epidermal layer
after NTP treatment but its expression was not
observed in the basal layer. The expressed EGF by
NTP could lead to cell proliferation in the epidermis.

Above all, NTP treatment on skin not only
caused cell proliferation in the epidermis and the
increase in collagen fibers in the dermis, but also
promoted active expression of various growth factors.
These results are very promising in skin rejuvenation
and wound healing. Therefore, enhanced expression
of growth factors by treatment of NTP is thought to be
an important mechanism in wound healing. As this
study was focused on the expression of growth factors
in skin tissues by NTP, the observation was
performed after two weeks of NTP treatment. Thus, in
the next experiment, not only long-term examination
of normal tissues will be performed, but also various
wound tissues will be observed.

Conclusions

This study provides evidence for the histological
anti-aging effect and safety of the treatment of NTP in
mouse skin tissue. This treatment does not induce
thermal damage to mouse skin tissue. In addition, the
epidermal layer thickness and density of collagen in
the dermis were increased after NTP treatment.
Furthermore, we observed significant increases in the
levels of growth factors such as TGF-a, TGF-, VEGF,
GM-CSF, and EGF after the treatment. Taken
together, since NTP not only directly activates the
proliferation of epidermal cells but also accelerates
dermal remodeling by stimulating the secretion of
several types of growth factors, this study suggests
that NTP can be an innovative tool for wound healing
and anti-aging of the skin.
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Figure 4. The expression of growth factors on mouse skin after NTP treatment at day 14. After sacrificing the mouse, skin sections obtained from the non-treated group (NT),
gas-treated group (GO), and NTP-treated group (NTP) were subjected to immunohistochemistry (IHC) for TGF-a, TGF-B, VEGF, GM-CSF, and EGF, 100x.
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