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sma promotes hair growth by
improving the inter-follicular macroenvironment
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Guangsup Cho,e Heesu Kim,f Seulgi Na,f Jae Ho Shin,f Sun Hee Do *a

and Bong Joo Park *eg

Non-thermal plasma (NTP) is widely used in the disinfection and surface modification of biomaterials. NTP

treatment can regenerate and improve skin function; however, its effectiveness on hair follicle (HF) growth

and its underlying mechanisms need to be elucidated. Herein, we propose an air-based NTP treatment,

which generates exogenous nitric oxide (eNO), as a therapeutic strategy for hair growth. The topical

application of air-based NTP generates large amounts of eNO, which can be directly detected using

a microelectrode NO sensor, in the dermis of mouse dorsal skin. Additionally, NTP-induced eNO has no

cytotoxicity in normal human skin cells and promotes hair growth by increasing capillary tube formation,

cellular proliferation, and hair/angiogenesis-related protein expression. Furthermore, NTP treatment

promotes hair growth with adipogenesis and activation of CD34+CD44+ stem cells and improves the

inter-follicular macroenvironment via increased perifollicular vascularity in the mouse hair regrowth

model. Given the importance of the hair follicle (HF) cycle ratio (growth vs. regression vs. resting) in

diagnosing alopecia, NTP treatment upregulates the stem cell activity of the HF to promote the

anagen : catagen : telogen ratio, leading to improved hair growth. We confirmed the upregulation of

increasing Wnt/b-catenin signaling and activation of perifollicular adipose tissue and angiogenesis in HF

regeneration. In conclusion, these results show that the eNO from NTP enhances the cellular activities of

human skin cells and endothelial cells in vitro and stem cells in vivo, thereby increasing angiogenesis,

adipogenesis, and hair growth in the skin dermis. Furthermore, the results of this study suggest that NTP

treatmentmay be a highly efficient alternative in regenerative medicine for achieving enhanced hair growth.
Introduction

Hair loss can have a negative impact on an individual's
psychological well-being and can be a socio-economic burden.
Studies on the mechanisms of hair follicle (HF) regeneration
and growth regulation provide opportunities for a variety of
clinical drugs and non-medical and cosmetic interventions;
however, to date, no approach has provided a complete solu-
tion. There exist a limited number of FDA-approved hair loss
treatments. Minoxidil is one of the few hair loss drugs approved
by the FDA and was initially developed as a treatment for high
blood pressure.1–4 Minoxidil induces peripheral vasodilation
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and increases blood ow by stimulating vascular endothelial
growth factor (VEGF) expression.5–8 The efficacy of minoxidil
varies depending on the individual, and when its use is dis-
continued, its hair-growth effect does not last, and eventually,
hair loss recurs. Additionally, minoxidil may cause side effects
such as itching, dandruff, dryness, and allergic contact
dermatitis. Accordingly, a novel treatment strategy for alopecia
is needed to overcome these problems.4,9–11

Recently, various laser technologies have emerged as an
alternative treatment for hair loss patients. Certain laser ther-
apies are widely used in the treatment of alopecia, and such
laser devices have become very popular owing to their
commercial availability at clinics. However, some laser treat-
ments generally require a considerable amount of time for
wound healing and hair growth because the lasers induce
microtrauma/microscopic injuries or destroy the skin barriers,
although the damages trigger a favorable wound healing envi-
ronment that induces hair growth. Moreover, there are still
limitations in understanding the mechanisms of hair regrowth
with laser technologies, and it is difficult to select the treatment
parameters compared to those in the case of other technologies
for hair loss treatment. Furthermore, some lasers, such as
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra04625j&domain=pdf&date_stamp=2021-08-17
http://orcid.org/0000-0001-9238-7238
http://orcid.org/0000-0003-2372-5269
http://orcid.org/0000-0001-5108-0483
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra04625j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011045


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 4

:3
9:

33
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
fractional lasers, are relatively more expensive, and some
treatments have been shown to induce side effects along with
burns.12–16

Non-thermal plasma (NTP) is also an alternative technology
and a promising therapeutic approach for hair regrowth.
Plasma is one of the four fundamental states of matter and has
been widely used in the disinfection and surfacemodication of
biomaterials. The potential for the clinical use of NTP in the
treatment of skin diseases such as chronic wounds, acne, and
pressure ulcers in the dermatological eld has been re-
ported.17–19 Recent studies have provided evidence of the anti-
aging effect and safety of NTP. NTP has also been reported to
signicantly increase the level of bioactive factors in mouse
skin, including TGF-a, TGF-b, VEGF, GM-CSF, and EGF.20 Choi
et al. also demonstrated that repeated NTP treatment stimulates
epidermal cell growth and accelerates wound healing by
downregulating E-cadherin and stimulating b-catenin.20 These
studies clearly indicate that NTP can be an effective tool for skin
dermal tissue remodeling and the healing of skin wounds.

In addition, NTP produces reactive oxygen species (ROS) and
nitrogen species (RNS), including hydrogen peroxide, super-
oxide, hydroxyl radicals, and nitrogen oxide (NO).21–26 These
ROS generally exhibit strong oxidative properties, which can
induce modications of biological molecules such as lipids,
proteins, and DNA/RNA.21–26 However, NO can act as a signal
molecule for cellular functions and as a regulator of cellular
activity triggering immune-deciencies, cell proliferation, and
cellular activation inducing angiogenesis, phagocytosis, and
collagen synthesis.22

Therefore, we focused on the exogenous nitric oxide (eNO)
generated by NTP treatment in this study, because NO exhibits
various positive functions as described above and plays an
essential role in the physiology of the skin.23,25 Accordingly, we
directly measured the amount of eNO in media in vitro and in
mouse skin in vivo using an electrochemically fabricated
microelectrode NO sensor, and also investigated the effects of
eNO on in vitro cell functions such as cytotoxicity, proliferation,
and differentiation using four types of normal human skin cells:
keratinocytes, dermal broblasts, dermal papilla cells, and
endothelial cells. We further veried the hair-growth-promoting
effects in vivo along with the enhancement of perifollicular
angiogenesis and adipogenesis using hair-cycle-synchronized
C57BL/6 mice.

Materials and methods
Fabrication and characterization of NTP

An NTP device based on a dielectric barrier discharge (DBD) was
fabricated, as shown in Fig. 1a; it consisted of the main body for
supplying DC power to the NTP source, a DC power line, an air
supply line, and a DBD plasma source comprising three parts:
a dielectric layer (a disk of diameter 10 mm and thickness 0.5
mm), a voltage-applied copper electrode (of diameter 8 mm),
and a gas nozzle. The working gas was air delivered using
a rotary diaphragm pump (2 Lmin�1 free ow rate) and injected
from the side to the center of a disk on the device. The AC power
supply in the DBD plasma source was a commercially available
© 2021 The Author(s). Published by the Royal Society of Chemistry
LCD backlight inverter operated at 60 kHz. The applied AC
output voltage was 1.0–3.7 kVRMS, and the power consumption
was less than 10 W. The temperature of the plasma device
contact area at a maximum treatment time of 5 min was below
40 �C.

The optical emission spectrum (OES) of the NTP was
measured as a function of time using a portable Near-InfraRed
(NIR) spectrometer (HR4000CG-UV-NIR, Ocean Insight,
Orlando, FL, USA) (Fig. 1b). The OES collected from the surface
light of the plasma panel was measured to analyze the ROS
distribution of the plasma. The spectroscopic analyzer system
consisted of an optical ber (QP400-2-SR) using a biconvex lens
with a focal length of 101 mm and a spectrophotometer with
a linear CCD detector array. Instrumental line broadening was
measured at approximately 0.75 nm using a cold argon–
mercury lamp (CAL-2000, Avantes, Apeldoorn, Netherlands).
The optical ber was scanned in the horizontal and vertical
directions along with the plasma panel by using a 2-axis optical
micrometer to identify the strong emission signal.

Quantication of eNO generated by NTP treatment in media

To detect eNO in distilled water (DW) and the cell culture
media, a Griess reagent chemical method was used to deter-
mine the level of nitrites and nitrates (NOx

�) generated by the
NTP. Briey, 1 mL each of DW and Dulbecco's modied eagle
medium (DMEM, Welgene, Inc. Gyeongsan-si, Korea) with 10%
fetal bovine serum (FBS, Welgene, Inc.) (DMEM 10% FBS) was
exposed to NTP for different treatment periods (0, 10, 20, and 30
s). Next, 100 mL of NTP-treated DW and DMEM 10% FBS or
standard sodium nitrite (NaNO2), as well as 50 mL of sulfanil-
amide solution, was added to a 96-well plate; 50 mL of N-1-
napthylethylenediamine dihydrochloride solution was added to
each of the wells. Aer the reaction had continued for 10 min at
room temperature, optical absorbance was measured using
a multimodal microplate reader (Cytation 3, BioTek Instru-
ments, Inc. Winooski, VT, USA). NO concentrations were
calculated with reference to the standard curve of NaNO2

generated from known concentrations.

Fabrication and characterization of xerogel-derived
microelectrode to detect eNO generated by NTP treatment in
vitro and in vivo

To detect eNO in media and the dermis of mouse skin using an
electrochemical method, a xerogel-derived microelectrode was
fabricated and used, as previously described.28–31 Briey, to
fabricate a Pt microelectrode with a cone-shape,28,30,31 Pt wire
(127 mm in diameter) was electrochemically etched for 1 min
with a 5 V alternating current (AC) (60 Hz) by using a bipo-
tentiostat (CH Instruments Model 760D, Austin, TX, USA) aer
immersing in an etching solution (1.2 M calcium chloride in
water/acetone, 2 : 1, v/v). The etched Pt wire was inserted in
a borosilicate glass capillary (outer and inner diameters of 600
mm and 550 mm, respectively) (A-M Systems, Carlsborg, WA,
USA), shielded around the Pt wire with a gas torch, and rinsed
with DW. The Pt electrode was platinized to achieve meso-
porous platinum black (Pt-B) on the surface of the Pt electrode
RSC Adv., 2021, 11, 27880–27896 | 27881
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Fig. 1 NTP and optical emission spectroscopy analysis. (a) Schematic illustration of the experimental configuration for NTP. (b) The NTP device
and generated NTP. (c) Stability of the generated plasma at 2.30–2.34 kV. (d) Optical emission spectroscopy (OES) of NTP. The OES of NTP was
conducted using a spectrometer (HR4000CG-UV-NIR). NTP: non-thermal plasma.
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in chloroplatinic acid hexahydrate (3%) and lead(II) acetate tri-
hydrate (0.03%) solution (wt/wt in water).

As a reference electrode, an Ag/AgCl wire was fabricated by
immersing a silver (Ag) wire (of diameter 250 mm) in 0.3 M FeCl3
solution for 15 min. Then, the Ag/AgCl wire was coiled around
the borosilicate glass capillary.

To eliminate interference from common biological species (i.e.,
nitrite, uric acid, ascorbic acid, acetaminophen, and carbon
monoxide), the fabricated Pt–B/Pt electrode was modied with
a peruorinated xerogel-derived gas-permeable membrane in
a silane sol solution to measure the NO in vitro and in vivo as
previously described.28,31 The performance of the fabricated NO
microsensor was evaluated by amperometric measurement using
a Compactstat (Ivium Technology, Netherlands).
Amperometric measurement of eNO generated by NTP
treatment in media and mouse skin

To detect eNO in DW and the cell culture media using an elec-
trochemical method, agarose (1.25%, Sigma-Aldrich, St. Louis,
MO, USA) with a low gelling temperature was used tomimic skin in
vitro. The concentrations of eNO generated by the NTP were
quantied in the agarose containing DW and DMEM 10% FBS by
using the fabricated electrochemical NO sensor, which was inser-
ted into the agarose before it hardened. NTP treatments with
different treatment periods (0, 10, 20, and 30 s) were conducted on
the agarose, and the eNO measurements were performed.
27882 | RSC Adv., 2021, 11, 27880–27896
To measure the eNO generated by NTP in the dorsal skin of
the mouse quantitatively, male C57BL/6 mice (8 week-old) were
used. The hair on the dorsal skin of the mice was shaved
repeatedly using a clipper and completely removed using the
commercial hair removal cream Veet (Reckitt Benckiser, Berk-
shire, UK). Aer anesthetizing the mice (n ¼ 3), the fabricated
electrochemical NO sensor was inserted into the dorsal skin of
eachmouse and stabilized. Next, NTP treatment (2.3 kV for 30 s)
was performed on the dorsal skin of the mouse, and the
generated eNO was measured.
Cytotoxicity and proliferation assays in normal human skin
cells

Human keratinocyte cells (HaCaTs) and normal human dermal
broblasts (nHDFs) were maintained in DMEM with 10% FBS
and 1% antibiotics (penicillin–streptomycin). Human dermal
papilla cells (HDPCs) were cultured in an HDPC basal medium
(CB-HDP-BM CEFO Co.) containing a 2% growth medium (CB-
HDP-GM, CEFO Co.) and 0.05% antibiotic solution. For the
cytotoxicity assay, all the pre-cultured cells were seeded (1.5 �
105 cells per mL) into 35 mm cell culture dishes. The cells were
further cultured at 37 �C and 5% CO2 in an incubator to allow
for full cell attachment and spreading. Aer 24 h, the cells were
exposed to NTP for 30 s aer exchanging the media for new
media and allowing further incubation for 24 h to conrm the
cytotoxicity of the NTP treatment. The viability of each cell line
© 2021 The Author(s). Published by the Royal Society of Chemistry
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was detected using a cell viability detection kit (Cell Counting
Kit-8 (CCK-8); Dojindo Laboratories, Kumamoto, Japan). Each
cell line was incubated with a CCK-8 reagent for 15 min at 37 �C
in the dark aer exchanging the media. Next, each solution in
the 6-well plates was transferred into a 96-well plate to detect
the optical absorbance at 450 nm using a multimodal micro-
plate reader (Cytation 3). The cell viability was calculated as the
percentage of viable cells in the treated group divided by the
percentage of viable cells in the negative control group.

For the cell proliferation assay aer the NTP treatment, pre-
cultured HaCaTs, nHDFs, and HDPCs were plated (0.5 � 104

cells per mL) in 35 mm cell culture dishes and incubated for
24 h. Next, all cells were further incubated for 5 days aer
exposure to minoxidil (1 mM) as a positive control, and NTP (2.3
kV for 30 s) was applied. On day 5, cell viability was evaluated
using a CCK-8 assay reagent as described above.

In vitro capillary tube formation by NTP treatment

For capillary tube formation via NTP treatment, human umbilical
vein endothelial cells (HUVECs) were supplied by Cell Engineering
For Origin (CEFO Co. Seoul, Korea) and cultured in a HUVEC basal
medium (CB-HUVEC-BM, CEFO Co.) containing 7% HUVEC
growth medium (CB-HUVEC-GM, CEFO Co.) and 0.05% antibiotic
solution at 37 �C and 5% CO2. HUVECs between passages 5 and 6
were used for the capillary tube formation assay with NTP treat-
ment, as previously described.32 Briey, 180 mL of Matrigel (growth
factor reduced; BD Biosciences, Franklin Lakes, NJ, USA) was
inserted into each well of a 24-well m-plate (ibidi GmbH, Germany)
and the 24-well plate was incubated at 37 �C for 30min to allow for
hardening of the Matrigel. To better visualize the HUVECs and
capillary tube formation through uorescence imaging, the pre-
cultured HUVECs-stained with calcein AM (2 mg mL�1) for 30
min—were seeded at 0.4 � 105 cells per well into the Matrigel
treated 24-well plate with 1mL of CB-HUVEC-GM, and NTP (2.3 kV
for 30 s) was applied to the plates. Minoxidil (1 mM) was used as
a positive control, and NO–PBS solution (190 nM) was also used to
compare the effects of NO and NTP treatment. The NO–PBS
solution was diluted from a NO solution of 1.9 mM prepared by
purging with NO (99.99%) gas for 30 min aer removing any
oxygen in the DPBS by purging with nitrogen gas for 30 min. Next,
the HUVECs were incubated in a live cell imaging incubator
(Lionheart FX; BioTek Instruments, USA) to analyze the new
capillary tubes aer transfer into the Matrigel-coated 24-well plate.
Aer 8 h, uorescence images of HUVECs were collected using
a 4� objective lens and uorescence optics (excitation/emission at
469/525 nm for GFP), and a 5 � 5 array (25 images) of each well
was taken. The images were analyzed using Gen5 soware (BioTek
Instruments) aer stitching all the images into one image. The
number of capillary tubes, branch points, and the total length of
the capillary tubes was analyzed using ImageJ soware (NIH,
Bethesda, MD, USA).

Antibody microarray analysis of protein expression related to
hair growth and angiogenesis in normal human skin cells

To investigate the differential protein expression following NTP
treatment, a Signaling Explorer Antibody Array kit (SET100) was
© 2021 The Author(s). Published by the Royal Society of Chemistry
purchased from Fullmoon Biosystems, Inc. (Sunnyvale, CA,
USA) and antibody microarray assays were carried out using
HaCaTs, nHDFs, and HDPCs according to the manufacturer's
protocol. Briey, total proteins were extracted from the three
cells incubated for 24 h aer NTP treatment by using a protein
extraction buffer (Fullmoon Biosystems) containing 1%
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA),
1% phosphatase inhibitor cocktail (Sigma-Aldrich), and lysis
beads (Fullmoon Biosystems). Aer protein extraction, glass
slides for antibody microarrays were incubated on a shaking
incubator for 45 min aer coating with 1358 antibodies. Aer
treatment with a blocking solution, the slides were thoroughly
washed with Milli-Q grade DW, aer which bound biotinylated
proteins were detected using Cy3-labeled streptavidin (1 : 1000
dilution, GE Healthcare, Little Chalfont, UK). Aer 20 min of
incubation, the slides were washed and completely dried, and
then scanned with a GenePix 4100A scanner (Molecular Devices,
Sunnyvale, CA, USA). The scanned images were quantied using
GenePix 7.0 soware (Molecular Devices). Numeric data were
analyzed using Genowiz 4.0 (Ocimum Biosolutions, Hyderabad,
India), and protein data information was annotated using the
UniProt database (available at www.uniprot.org).

Enzyme-linked immunosorbent assay (ELISA) for b-catenin
and IGF-1 in HDPCs

To conrm the protein expression in HDPCs following the NTP
treatment, the protein expression levels of b-catenin and IGF-1
were measured in the HDPCs cultured medium aer NTP
treatment at 2.3 kV for 30 s using the enzyme-linked immuno-
sorbent assay (ELISA) kit (R&D System, USA). Samples,
including positive control and NO-PBS groups, were loaded on
a 96-well plate containing a carbonate coating buffer for 24 h at
4 �C. Next, the carbonate coating buffer in the 96-well plate was
removed and further incubated for 2 h at 37 �C aer adding
a blocking buffer (5% skim milk in PBST). Aer blocking,
primary antibodies against b-catenin and IGF-1 and secondary
antibodies were added and incubated for another 2 h at 37 �C.
All antibodies were washed out, and a substrate (o-phenyl-
enediamine dihydrochloride/hydrogen peroxide) was added
and incubated for 30 min at 37 �C in dark conditions. The
reaction was stopped by adding sulfuric acid for 10 min at 37 �C
in dark conditions. The optical density of each concentration
was examined by measuring its absorbance at 490 nm using
a multimodal microplate reader (Cytation 3). All samples were
assayed in quadruplicate experiments, and the relative protein
expression level was calculated as the percentage of protein
expression in the NTP treated group divided by the percentage
of the negative control (NC) group.

In vitro hair-growth promotion study

HDPCs (6 � 105 cells per well) were seeded on Aggrewell 800
plates (Stemcell Technologies Inc. Seattle, WA, USA) and incu-
bated for 24 h. Next, the HaCaTs (1.2 � 106 cells per well) were
seeded in an HDPC spheroid in the upper compartment and
incubated overnight. Five mM NO–PBS, which was diluted from
a NO solution (1.9 mM), or 1 mM minoxidil (Sigma-Aldrich) was
RSC Adv., 2021, 11, 27880–27896 | 27883
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Table 1 Sequences of human primers used for real-time PCR

Target gene Source Sequence Predicted length (bp)

GAPDH NM_002046 F: 50-GTCTCCTCTGACTTCAACAGCG-30 131
R: 50-ACCACCCTGTTGCTGTAGCCAA-30

b-Catenin NM_001904 F: 50-CACAAGCAGAGTGCTGAAGGTG-30 146
R: 50-GATTCCTGAGAGTCCAAAGACAG-30

ALP NM_000478 F: 50-TCTCTTCGAGCCAGGGGACA-30 82
R: 50-CCACCACCATCTCGGAGAGT-30

Wnt5a NM_003392 F: 50-TACGAGAGTGCTCGCATCCTCA-30 123
R: 50-TGTCTTCAGGCTACATGAGCCG-30

Wnt10b NM_003394 F: 50-AATTCTGGAGCCTTCCAGCC-30 260
R: 50-TCACACAGCACATAGCAGCA-30

BMP2 NM_001200 F: 50-ACTCGAAATTCCCCGTGACC-30 146
R: 50-CCACTTCCACCACGAATCCA-30

BMP4 NM_001202 F: 50-ATGTGGGCTGGAATGACTGG-30 197
R: 50-ATGGCACTCAGTTCAGTGGG-30

TGF-b1 NM_000660 F: 50-TACCTGAACCCGTGTTGCTCTC-30 122
R: 50-GTTGCTGAGGTATCGCCAGGAA-30

TGF-b2 NM_001135599 F: 50-AAGAAGCGTGCTTTGGATGCGG-30 151
R: 50-ATGCTCCAGCACAGAAGTTGGC-30
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added to the medium of co-cultured HaCaT + HDPC (Co-HaCAt
+ HDPC) and incubated for 3 days. Each experiment was con-
ducted in triplicate.

Aer harvesting the cells, the total RNA was isolated using
a Qiazol lysis reagent (Qiagen, Valencia, CA, USA) and 1 mg of the
isolated RNA was reverse transcribed into complementary DNA
(cDNA) and used in quantitative (qPCR) assays using a SYBR
Green PCR Master Mix (Thermo Fisher Scientic, Seoul, Korea)
in a QuantStudio 3 Real-Time PCR System (Thermo Fisher
Scientic, Seoul, Korea). The reactions (20 mL) comprised 2 mL
of diluted cDNA, 2 mL of each primer, 10 mL of 2� SYBR Green
PCRMaster Mix, and 6 mL of RNase-free water. The sequences of
the oligonucleotide primers used in the qPCR assays are shown
in Table 1. Thermocycling conditions were 50 �C for 2 min,
95 �C for 10 min, 40 cycles of 95 �C for 15 s, and 60 �C for 1 min.
All samples were assayed in triplicate, and mRNA levels were
calculated using the 2�DDCt method.
In vivo hair-growth promotion study

Male C57BL/6 mice (eight-week-old) were obtained from
YoungBio (Seongnam, Korea). The mice were housed under
controlled conditions at a temperature of 23� 2 �C, humidity of
50% � 5%, and light-dark cycle of 12 h. All experimental
procedures were performed in compliance with protocols of all
appropriate regulatory standards and were approved by the
Institutional Animal Care and Use Committee of Konkuk
University (KU16179; date of approval, 31 October 2016).

The hair on the dorsal skin of the mice was shaved repeat-
edly using an electric clipper and completely removed using the
commercial hair removal cream Veet (Reckitt Benckiser, Berk-
shire, UK) to synchronize the HF cycle.33–35 The experimental
group was randomly divided into three groups (n ¼ 5/group):
the negative control (NC); positive control (PC) with 200 mL of
3 wt% minoxidil topical application; and non-thermal plasma
(NTP) treatment (2.3 kV for 30 s). Aer removing the hair, the
27884 | RSC Adv., 2021, 11, 27880–27896
entire dorsal skin was treated in a zigzag manner using the NTP
as shown in Fig. 2(e) and 6(a), and the treatment was performed
three times per week for four weeks, and minoxidil was applied
ve times per week.

Histological analysis

The skin tissues were xed with 10% neutral-buffered formalin
(BBC Biochemical, Mount Vernon, WA, USA). The tissues
embedded in paraffin were sectioned at 4 mm thickness, fol-
lowed by staining with hematoxylin and eosin for histological
analysis. The number and diameter of HFs were quantied in at
least three elds per mouse at 100� magnication. The thick-
ness of the adipocyte layer was measured in at least three elds
per mouse at 40� magnication. The number and diameter of
vessels were quantied in multiple elds at 100� magnica-
tion. The vessel diameter was measured in transversely cut
vessels, and 30 vessels were measured for each group. The vessel
density was determined by the area covered with vessels at 100�
magnication.

Immunohistochemistry and immunouorescence

For immunohistochemistry analysis, the sections were depar-
affinized and boiled in a citrate buffer solution. The sections
were stained using standard methods with rabbit anti-CD31
(PECAM-1, Santa Cruz Biotechnology, Inc. 1 : 100) as the
primary antibody. The sections were incubated using a Vectas-
tain Elite ABC-Peroxidase kit (Vector Laboratories, Burlingame,
CA, USA), visualized using a Vector SG (Vector Laboratories),
and counterstained with nuclear fast solutions (Vector Labora-
tories). For immunouorescence, the sections were deparaffi-
nized and boiled in a citrate buffer solution. They were stained
using standard methods with rabbit anti-IGF-1 (dilution 1 : 100,
Abcam, Cambridge, UK) and mouse anti-b-catenin (dilution
1 : 100, Abcam) as the primary antibodies. The sections were
incubated with uorescein isothiocyanate-conjugated goat anti-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Detection of exogenous nitric oxide (eNO) generated by NTP treatment. (a) Quantitative analysis of NO2
� in DW and DMEM 10% FBS using

the Griess reagent kit. Data are represented as themean� SD (n¼ 4, *p < 0.005, **p < 0.001 vs.NC). (b) Characterization of the NOmicrosensor
modified with a perfluorinated xerogel-derived gas-permeable membrane. Dynamic response of a nitric oxide sensor using a Pt–B/Pt micro-
electrode modified with a perfluorinated xerogel membrane toward a series of interfering species (blue) and nitric oxide (red). Currents were
detected at an applied potential of +0.8 vs. Ag/AgCl in PBS (0.01 M, pH 7.4). The inset represents the calibration curve. Quantitative analysis of
eNO in (c) DW and (d) DMEM 10% FBS after plasma treatment (2.3 kV) for 10, 20, and 30 s, respectively. (e) Schematic of generated exogenous NO
(eNO) detection using an electrochemical microelectrode NO sensor in the dermis of the mouse dorsal skin (in vivo). (f) Quantitative analysis of
eNO in the dermis of the mouse skin (in vivo) after plasma treatment (2.3 kV) for 30 s. DW: distilled water, DMEM: Dulbecco's modified eagle's
medium, FBS: fetal bovine serum, NC: negative control, and NTP: non-thermal plasma.
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mouse and Texas red-conjugated goat anti-rabbit secondary
antibodies (dilution 1 : 100, Santa Cruz Biotechnology, Inc.).
The sections were xed with uoromount (Vector Laboratories)
and viewed under a uorescence microscope (Leica Micro-
systems, Wetzlar, Germany).
RNA in situ hybridization

RNA in situ hybridization was performed using an RNAscope 2-
plex Detection Kit (Chromogenic, Advanced Cell Diagnostics,
Hayward, CA, USA). CD34, CD44, and LGR5 were procured from
Advanced Cell Diagnostics.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Statistical analysis

All values obtained in the analysis are represented as the mean
� standard deviation (SD) of quadruplicate experiments.
Statistical analysis of in vitro experiments was performed using
SPSS Statistics (IBM SPSS Statistics, NY, USA). Statistical anal-
ysis of in vivo experiments was performed using Instat 3
(GraphPad Soware, La Jolla, CA, USA). Multiple comparisons
for all data were analyzed using the one-way analysis of variance
(ANOVA) method and a Bonferroni post hoc paired comparison
test. Statistical differences were considered as signicant at p <
0.05.
RSC Adv., 2021, 11, 27880–27896 | 27885
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Results and discussion
Characterization of non-thermal plasma

NTP is an easy-to-use, non-invasive method that can also be
developed as a wearable device, for example, as an attachable
pad.32 Advances in NTP devices and their application could
provide signicant benets in terms of the control of various
skin conditions, including hair loss. To apply NTP to the in vitro
and in vivo hair loss model, we rst fabricated a DBDNTP device
and evaluated its stability and OES. As shown in Fig. 1c, the
generated plasma was very stable over the 2.30–2.34 kV range.
The electrical and electromagnetic safety of the NTP device was
further tested by a specialized agency (Korea Testing Certica-
tion: KTC), and it was conrmed that the NTP device was safe
for dermatological applications (data not shown).

NTP has been reported to produce ROS and RNS, including
hydrogen peroxide, superoxide, hydroxyl radicals, and NO.21–26

These NTP-driven ROS and RNS exhibit antimicrobial activity
and can regulate tissue repair and angiogenesis.36,37 The surface
light of the DBD NTP panel was investigated using OES analysis
to identify atomic and molecular nitrogen as well as other
constituent species produced by the NTP. As shown in Fig. 1d,
the emission spectrum observed on the plasma panel was
collected over a range of 200–900 nm. The emission lines and
bands were identied as described previously.38 Most emission
lines showed transitions of molecular nitrogen. The rst posi-
tive system (N2 (B

3Pg–A
3Su

+) transitions) was in the 500–900 nm
range (e.g., 680 and 750 nm). High-intensity N2 second-positive
atomic emission lines (C3Pu0–B3Pg) at 315.3, 336.7, 357.4, and
379.8 nm were identied. Additionally, this spectrum showed
the NO b system (NO (B2P–X2P) transitions) in the 300–400 nm
range, and the g system (NO (A2S+–X2P) transitions) in the 200–
300 nm range.

This result shows that the formation of N2 long-lived meta-
stable states as reservoirs of energy promote plasma chemical
reactions. By contrast, low-intensity NO and OH emission lines
were in the 250–450 nm range. These results show that the
chemical and physical reactions produced various ROS such as
NO, OH, and O via the plasma panel. Among them, NO was the
most highly secreted ROS in response to our DBD-based NTP.
Therefore, we focused on NO, because it is a well-known
signaling molecule related to many physiological and patho-
logical processes in the body, and it can play a key role in skin
physiology.18
In vitro and in vivo eNO detection

Next, we detected eNO concentrations in the NTP-appliedmedia
in vitro and the dermis of the mouse skin in vivo to verify the
amount of eNO produced by NTP using two methods: a chem-
ical and an electrochemical method.

First, we investigated the exogenous NO2
� generated by NTP

in DW and the cell culture medium by using Griess reagents (a
chemical method), as shown in Fig. 2a. NTP treatment signi-
cantly increased the exogenous NO2

� depending on the NTP
treatment time in both, and the amount of generated NO2

� was
approximately 18 � 4.1, 42 � 5.9, and 66 � 14.8 mM in DW and
27886 | RSC Adv., 2021, 11, 27880–27896
23 � 6.3, 47 � 6.4, 75 � 9.3 mM in the cell culture medium
(DMEM 10% FBS) aer 10, 20, and 30 s of NTP treatment,
respectively. From this result, we conrmed that the NTP
treatment in DMEM 10% FBS tended to slightly increase the
amount of exogenous NO2

�, as compared to the group treated
in DW. However, as the Griess reagent method comprehensively
measures the levels of nitrite and nitrate or total NO, there is
a limit to its ability to accurately determine the amount of NO
generated by NTP treatment. Therefore, an electrochemical
method using an electrochemical NO microsensor was used to
accurately measure the amount of eNO generated by NTP
treatment in vitro and in vivo.

For the electrochemical method, the fabricated NO micro-
sensor, which has a membrane selectively permeable toward
NO, was characterized by the sensitivity of 16.6 nA mM�1,
a detection limit of 5 nM (S/N ¼ 3), and response time of <3 s
(t95%), along with a negligible response toward interfering
species (at 10 mM for each species) such as peroxynitrite
(ONOO�), superoxide (O2c

�), hydroxyl radical (OHc), nitrate
(NO3

�), and nitrite (NO2
�) (Fig. 2b).

To measure eNO, the NO microsensor was inserted into the
1.25% agarose for in vitro and the dermis of mouse skin (�100–
300 mm in depth) for in vivo. Next, NTP treatment was applied to
the agarose and the mouse dorsal skin to measure the eNO
generated by the NTP treatment. The Compactstat analysis
(Ivium Technology, Netherland) detected changes in current
due to the NTP treatment. In addition, the amount of eNO
increased with the NTP treatment time in both media (DW and
DMEM 10% FBS). eNO was formed in the range of 394, 616, and
643 nM in DW and of 127, 274, and 360 nM in DMEM 10% FBS
aer 10, 20, and 30 s of NTP treatment, respectively (Fig. 2c and
d).

As shown in Fig. 2c and d, the quantitative results in vitro
showed that the eNO production in DW was higher than that in
DMEM 10% FBS. This result may have been due to the many
molecules, such as proteins, contained in the cell culture
medium, which can play the role of a NO scavenger and remove
a signicant amount of NO generated by the NTP treatment.

The direct quantitative results of the in vivo experiment using
the electrochemical NO microsensor showed that the eNO
produced by NTP treatment could penetrate the layers of the
skin. Interestingly, even a very short period of topical NTP
application (30 s) increased the amount of eNO in the dermis of
the mouse skin. These in vivo results show, for the rst time,
that it is possible to perform real-time detection of eNO by NO
microsensor in the skin of live animals. It was also demon-
strated that NTP can be used to deliver eNO transdermally.

Based on these results, we showed that transdermal treat-
ment using our NTP device may be a useful tool for delivering
eNO to the deep dermal areas without chemical NO donors.
In vitro cytotoxicity and proliferation of skin cells

To assess changes in the cellular viability related to the percu-
taneous application of NTP, three types of human skin cells—
keratinocytes, broblasts, and dermal papilla cells—were used
to investigate cytotoxicity and cell proliferation (Fig. 3a and b).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 In vitro cytotoxicity, cell proliferation, and differentiation (capillary tube formation) assays in human skin cells. (a) Cytotoxicity depending
on the NTP power. The cell viability was evaluatedwith a CCK-8 assay kit after incubation for 24 h, following treatment with NTP for 30 s. Data are
represented as the mean � SD (n ¼ 4, *p < 0.05, **p < 0.001 vs. NC). (b) The proliferation of each cell after NTP treatment. Proliferation rate was
detected with a CCK-8 assay kit 5 days post-treatment with NTP (2.3 kV) for 30 s. Data are expressed as the mean � SD (n ¼ 4, *p < 0.05, **p <
0.005, and ***p < 0.001 versus NC; #p < 0.001 versus PC). (c) Capillary tube formation by minoxidil, NO-PBS, and NTP treatment in HUVECs.
Eachmagnified imagewas enlarged in themiddle of 5� 5 arrays to check the conditions of capillary tubes and branch points. Scale bars are 1000
mm. (d) The number of capillary tubes and branch points and (e) the total length of capillary tubes. For the capillary tube formation assay, the
HUVECs were incubated for 8 h after treatment with NTP (2.3 kV) for 30 s. The images were collected using an automated live-cell imager with
a 4� objective. For the imagemontage, 25 images (5� 5 arrays) were taken and selected with tile overlapping set to auto for stitching using Gen5
software. The number of capillary-like tubes, branching points, and the total length of the capillary tubes were analyzed using ImageJ software.
Data are expressed as the mean � SD (n ¼ 4) and the significance was defined as ***p < 0.001 versus NC; #p < 0.05 and ##p < 0.001 versus PC.
NC: negative control, PC: positive control (minoxidil), NO–PBS: PBS solution including NO, and NTP: non-thermal plasma.
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In the cytotoxicity test, the NTP treatment at different output
powers (2.1, 2.3, and 2.5 kV) had no cytotoxic effect on the three
types of skin cells (HaCaT, nHDF, and HDPC) compared to each
© 2021 The Author(s). Published by the Royal Society of Chemistry
control cell. The average cell viabilities of HaCaTs, nHDFs, and
HDPCs were greater than 94%. However, at the maximum
power (2.5 kV) of the NTP application, the viabilities were
RSC Adv., 2021, 11, 27880–27896 | 27887
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Fig. 4 In vitro antibody array for differential expression of proteins related to hair-growth and angiogenesis and enzyme-linked immunosorbent
assay (ELISA) analysis of b-catenin and IGF-1 expressions induced by NTP treatment. (a) Differentially expressed proteins related to hair growth,
and (b) clustering heat map showing expression of proteins related to angiogenesis induced by the NTP treatment in HaCaT, nHDF, and HDPCs.
The expressed hair-growth related proteins from the three cells were detected using an antibody microarray assay kit after 24 h of incubation
following treatment with NTP for 30 s. Data were analyzed using Genowiz 4.0, and the data on protein information were annotated using the
UniProt database. (c) ELISA analysis of b-catenin and IGF-1 in HDPCs cultured medium. Protein expression level in HDPCs cultured medium was
detected after 48 h of incubation following treatment with the NTP (2.3 kV) for 30 s. The intensity of each band is represented as the mean � SD
(n ¼ 4, ***p < 0.001 versus NC). NC: negative control, PC: positive control (minoxidil), and NTP: non-thermal plasma.
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slightly decreased in all of the cell types (Fig. 3a). Therefore, we
chose the NTP output power to be 2.3 kV for all further exper-
iments in vitro and in vivo.

Subsequently, we further tested the long-term cell prolifer-
ation effect of the NTP treatment using three types of skin cells
27888 | RSC Adv., 2021, 11, 27880–27896
(HaCaT, nHDF, and HDPC) for 5 days (Fig. 3b). The NTP treat-
ment for cell proliferation showed similar effects of PC
(minoxidil)—or rather, the positive effects of the NO solution
group—although there were slight differences for each cell. In
particular, the proliferation of nHDF and HDPC was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of differential expressed proteins for angiogenesis

Cell type Up-regulated genes Down-regulated genes Total

nHDF 42 17 59
HaCaT 19 40 59
HDPC 9 50 59
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signicantly increased aer NTP treatment. Taken together, in
vitro cytotoxicity and cell growth analysis using human skin
cells revealed NTP treatment to be a useful tool to apply to skin
without causing severe cytotoxicity.
Fig. 5 Effect of NO-treatment on hair growth in HF cells. Co-cultured Ha
three days. (a) Expression levels of the signature gene of dermal papilla c
associated genes. mRNA levels were normalized with the values of ref
threshold cycle (Ct) value relative to NC using the 2�DDCt method. Data ar
0.001 versus NC (Co-HaCaT + HDPC); NC: negative control.

© 2021 The Author(s). Published by the Royal Society of Chemistry
In vitro capillary formation by NTP treatment

ROS and RNS can stimulate vascularization by inducing the
release of pro-angiogenic growth factors, particularly VEGF and
FGF-2.37,39–42 Therefore, we evaluated the angiogenic effect of
NTP treatment by examining the capillary formation using
HUVECs aer staining them with calcein AM to better visualize
the capillary tube formation through uorescence imaging. In
the NC group, only short or disconnected capillaries were
identied during the experiment (Fig. 3c). The HUVECs in the
NTP treatment, PC, and NO-PBS groups showed well-aligned
capillary-like structures (Fig. 3c) and a signicantly increased
CaT andHDPCswere treatedwith 5 mMNO–PBS and 1 mMminoxidil for
ells were analyzed using RT-PCR. (b) mRNA expression of hair cycle-
erence genes, and the data were represented as fold changes of the
e the mean� SD of triplicate experiments. *p < 0.05, **p < 0.01, ***p <

RSC Adv., 2021, 11, 27880–27896 | 27889
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total branching length (Fig. 3d and e) than the NC group. NTP
treatment can promote the proliferation of endothelial cells and
increase angiogenesis or neovascularization.32,38,39 These results
suggest that NTP treatment may stimulate HUVECs to increase
angiogenesis in vitro.
In vitro antibody array for hair-growth- and angiogenesis-
related proteins and ELISA analysis for IGF-1 and b-catenin

To conrm the effect of NTP treatment on hair growth, the
expression levels of proteins related to hair growth and angio-
genesis were investigated, as shown in Fig. 4a, b and Table 2.

First, antibody microarray assays were performed using
HaCaTs, nHDFs, and HDPCs to investigate the differential
protein proles aer 24 h of incubation following NTP treat-
ment. HaCaTs showed increased expression of keratin 7, 15, 17,
and 18. Keratin 15, which is considered to be an HF stem cell
marker, increased in both HaCaTs and HDPCs.43 Several types
of claudin also increased in the HaCaTs, which are known to
consist of tight junctions within the epidermis.44 As for the
nHDFs, several collagens including types I, III, IV, V, and VI
increased. Among these collagen types, collagen IV, oen found
in the basement membrane of the outer root sheath and in the
extracellular matrix of the dermal papilla during the anagen and
catagen phases,45 also increased in the HDPCs.
Fig. 6 Effect of NTP treatment on clipping/hair removal cream-induced
moments. To clarify the visualization of the NTP (right), the pictures were
NTP treatment was performed three times per week for two weeks. For t
week. Representative images of the back skin were acquired on days 0,
histological sections of the skin stained with hematoxylin–eosin. (d) The
follicles in the anagen phase. (f) The thickness of the adipocyte layer. Scale
NC: negative control, PC: positive control (minoxidil), and NTP: non-the

27890 | RSC Adv., 2021, 11, 27880–27896
Moreover, proteins associated with the MAPK/ERK pathway
increased in all cell types, and this could be related to the
growth factors, such as broblast growth factors (FGFs) and
VEGFs, that also increased. The expression of FGF1 and FGF2,
well-known angiogenic factors, was upregulated in nHDFs
along with FGF receptors, FGFR2 and FGFR3.46 VEGF-B was
upregulated in HaCaT and HDPCs, and VEGFR1 was also
upregulated in nHDFs. VEGF-B regulates cell survival, and
although it may not be a direct regulator of angiogenesis, it can
affect VEGF-A action; moreover, it regulates vascular survival
activity, thereby indirectly promoting angiogenesis.47,48 Along
with FGFs and VEGF-B, the expression of IGFBP2 increased in
nHDFs, supporting the angiogenic effect of the NTP treatment.
In addition, pro-apoptotic factors including caspases (caspase
2, 3, 7, 8, and 9), the Bcl-2 family (BAD, Bax, and Bak), and Fas
and Fas ligand decreased in all cell types. NTP treatment also
downregulated TGF-b1, TGF-b2, IL-1b, and FGF18, which are
factors that negatively regulate hair growth.49–51

The HF undergoes a cyclic transformation during its main-
tenance, from the growth (anagen) phase to the regression
(catagen) phase and the resting (telogen) phase. During the
telogen-to-anagen transition, signals from the dermal papilla
cells, such as synchrony Wnt/b-catenin signaling, activate stem
cells and trigger coordinated epithelial–mesenchymal
HF synchronization model. (a) NTP application set up and application
taken in the dark. (b) The mice were treated with NTP (2.3 kW for 30 s).
he positive control, 3 wt% minoxidil (200 mL) was applied five times per
7, and 14 after treatment (n ¼ 5/group). (c) Representative images of
number of hair follicles in each hair-growth cycle. (e) Diameter of hair
bars are 200 mm. *p < 0.05, **p < 0.01 versusNC; ##p < 0.01 versus PC.
rmal plasma.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of NTP treatment on perifollicular vessels. (a) Representative images of immunohistochemical staining with anti-CD31 antibody. (b)
Number of vessels and (c) diameter of vessels in multiple fields at 100�magnification. (d) Vessel density was determined by the area (%) covered
with vessels at 100� magnification. Scale bars are 100 mm. **p < 0.01 versus NC; #p <0.05 versus PC. NC: negative control, PC: positive control
(minoxidil), and NTP: non-thermal plasma.
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interactions.52 To analyze the mechanisms affecting hair growth
by the NTP treatment, the expressions of IGF-1 and b-catenin
were conrmed in HDPC using ELISA analysis aer treatment
with the NTP and culture for 48 h. In ELISA analysis, the
expressions of both proteins, IGF-1 and b-catenin, were more
signicantly increased by the NTP treatment than those of the
NC and PC, as shown in Fig. 4c. These results suggest that NTP
treatment triggers the activation of IGF-1 and b-catenin
signaling, which can stimulate hair growth.
Effect of eNO on co-culture of HDPCs and HaCaTs

To verify the efficacy mechanism of the NTP treatment, a co-
culture of HDPCs and HaCaTs was treated with 5 mM of NO-
PBS. Aer 3 days of NO-treatment, the co-culture cells showed
signicantly upregulated gene expression of signature genes of
the dermal papilla cell (ALP, Wnt5a, and Wnt10b). In addition,
compared to the NC group, the NO-treated group showed
© 2021 The Author(s). Published by the Royal Society of Chemistry
signicant upregulation of b-catenin mRNA expression, which
is involved in the proliferation, differentiation, and stemness of
dermal papilla cells (Fig. 5a). TGF-b1 and TGF-b2, which are
known to help improve the hair cycle, were also upregulated in
the NO-treated group (Fig. 5b). Interestingly, the NO-treatment
group showed similar or slightly increased levels of mRNA
expression of hair growth-related genes compared to 1 mM
minoxidil (PC). These results suggest that the stimulating effect
of NTP treatment on hair growth occurs via the eNO generated
in the culture media.
In vivo hair-growth study

The HF unit is a compound organ consisting of epithelial
compartments (bulge stem cells, hair germ cells, and hair
matrix cells) and mesenchymal compartments (dermal papilla
cells and dermal sheath cells). Cyclic changes in the HF involve
epithelial–mesenchymal interactions (EMIs).52–55 Moreover, the
RSC Adv., 2021, 11, 27880–27896 | 27891
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entire length of the telogen-to-anagen transition of the HFs
resides above the dermal-adipose boundary; the adipose tissue
expands as the HFs enter the anagen phase and then thins
during the telogen phase through the proliferation and differ-
entiation of the resident adipocyte precursor cells.6,34,35 To
investigate the effect of the NTP treatment on hair growth in
vivo, the clipping/hair removal cream-induced HF cycle-
synchronized C57BL/6 mice model was used.27,34,35 The mice
were treated with NTP or 3% minoxidil (PC) (Fig. 6a). Aer 7
days of treatment, the skin color in the NTP and the PC group
changed from pink to black, while the NC group showed no
color change (Fig. 6b). As black pigmentation on the skin
represents telogen-to-anagen transition,27,34,35 the observation
shows that NTP treatment facilitated the hair-growth cycle. On
day 14, the skin was covered with fully re-grown hair in the NTP
group and PC group, but the hair grew only in limited areas in
the NC group (Fig. 6b).

Histological analysis showed that the NTP group had
a signicantly increased total number of HFs compared to the
NC and PC groups (Fig. 6c and d). The increase in the NTP-
treated group was 220.4% � 38.3% greater than the NC group
and 116.8% � 20.3% greater than the PC group (Fig. 6d).
Furthermore, the number of anagen follicles in the NTP-treated
group increased by 179.3% � 36.2% compared to the NC group
(Fig. 6d).

Notably, the thickness of HFs in the anagen phase differed
between groups (Fig. 6e). The percentage of HFs over 60 mm in
diameter increased due to NTP treatment and in the PC group,
as compared to the NC group. Moreover, HFs with a diameter of
over 80 mm were observed only in the NTP-treated group. The
effects of NTP treatment on hair growth were further examined
Fig. 8 Effect of NTP treatment on IGF-1 and b-catenin level. (a) Double im
1 (red). (b) Relative optical density of IGF-1 and (c) b-catenin in hair follicle
positive control (minoxidil), and NTP: non-thermal plasma.

27892 | RSC Adv., 2021, 11, 27880–27896
by measuring the thickness of the dermal adipocyte layer. At the
initiation of the anagen phase, the HFs grow deeply into the
dermal adipocyte layer and the thickness of the dermal adipo-
cyte layer dramatically increases.56,57 Recent advanced studies
have revealed the importance of adipocytes in hair regeneration
and actual changes in the number of adipocyte precursor cells.53

Moreover, adipogenesis and the changes in the adipocyte layer
show synchrony with the activation of follicular stem cells and
HF cycling.58,59 The changes in the thickness of the dermal
adipocyte layer exhibit a synchronized cycle with HF regenera-
tion.60 The results showed that the thickness of the dermal
adipocyte layer increased due to NTP treatment and that it was
signicantly thicker in the NTP treatment group than in the PC
and NC groups (Fig. 6f). Taken together, these results suggest
that the application of NTP not only induces an increase in the
anagen phase/total number of HFs but also provides an HF
regenerating macroenvironment by enriching the adipocyte
layer.
In vivo evaluation of perifollicular vessels

One of the important macroenvironment elements related to
HFs is the perifollicular vessel. HFs are avascular structures, but
they are surrounded by perifollicular vessels, which are con-
nected to the vascular plexus. The perifollicular vessels are
essential for growing HFs and for their maintenance by
providing oxygen and nutrients.7 Perifollicular vessels become
more prominent when HFs are in the anagen phase, providing
nutrition as they undergo rapid proliferation and morphogen-
esis.61 To examine whether NTP treatment enhances angio-
genesis, the number, diameter, and density of perifollicular
vessels were assessed. The skin sections were stained with
munofluorescence with antibodies against b-catenin (green) and IGF-
s. **p < 0.01 versusNC; ##p < 0.05 versus PC. NC: negative control, PC:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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CD31, an endothelial junction molecule, to observe the blood
vessels (Fig. 7a). The results revealed a more than two-fold
increase in the number and diameter of perifollicular vessels
in the NTP-treated group (Fig. 7b). The increase in diameter in
the NTP-treated group was more prominent than that in the PC
group (Fig. 7c, p < 0.05). Vascular density was determined as the
area covered with vessels in multiple elds at 100� magnica-
tion (Fig. 7d). The NTP-treated group and the PC group showed
an increase in vessel density. Notably, the increase in the NTP-
treated group was more than ve times that in the NC group,
Fig. 9 Effect of NTP treatment on CD34, CD44, and LGR5 RNA expressi
hair follicles in a longitudinal section and cross-sectionwith probes agains
CD34+CD44+ cells in the adipose layer. Scale bars are 30 mm. **p < 0.0
control (minoxidil), and NTP: non-thermal plasma.

© 2021 The Author(s). Published by the Royal Society of Chemistry
showing the highest density. Our results show that NTP treat-
ment can improve the perifollicular blood supply and increase
the HF diameter. NTP treatment had profound effects on the
blood supply, as demonstrated by the number, diameter, and
density of the vessels, which was greater than that following
minoxidil treatment. Given that minoxidil, which was used as
a PC, is well-known to stimulate peripheral vasodilation and
circulation, these results indicate that NTP treatment can
improve blood supply to the HFs as much as that afforded by
minoxidil.
ons. (a–c) Representative images of RNA in situ hybridization results in
t CD34 (green), CD44 (red), and LGR5 (red). (d) Representative image of
5 versus NC; ##p < 0.01 versus PC. NC: negative control, PC: positive

RSC Adv., 2021, 11, 27880–27896 | 27893
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In vivo examination of IGF-1 and b-catenin expression

To further identify the hair-growth-promoting effect of NTP
treatment, IGF-1 and b-catenin expressions were examined
(Fig. 8). The expression of IGF-1 on HFs was upregulated in both
the NTP and PC groups. Interestingly, the results from the NTP-
treated group were signicantly higher than those of the other
groups (Fig. 8b). The b-catenin level was also increased in both
treatment groups (Fig. 8c). These results correlate with the in
vitro results (Fig. 4c) and suggest that the increased hair growth
induced by NTP treatment upregulated IGF-1 signaling and
promoted the Wnt/b-catenin signaling pathway.
In vivo evaluation of stem cell activity by RNA in situ
hybridization

To determine whether the increased IGF-1 level and b-catenin
signaling are mediated by increased stem cell activity in adipose
tissue, CD34, CD44, and LGR5 expressions were examined by
RNA in situ hybridization. As shown in Fig. 9a, the anagen
follicles in adipose tissue at the mid-bulb level showed
a marked CD34 expression on the outermost region of the HF
where the bulge stem cells are located.62,63 The CD34 and LGR5
expressions were signicantly increased with NTP treatment,
demonstrating increased bulge stem cell activity (Fig. 9a and c).
The CD44 expression was also increased at this level and was
more evident in follicles at the lower bulb level (Fig. 9a and b).
The markedly increased expression of CD44 at the lower bulb,
where active progenitor cells are located, also suggests
increased stem cell activity (Fig. 8b).64–68 CD34 and CD44 are
expressed in mesenchymal stem cells;69,70 thus, we further
examined their expressions in the adipose tissue. The results
showed that the number of CD34+ CD44+ cells increased with
NTP treatment (Fig. 9d). This result, together with the increased
thickness of the adipocyte layer, conrmed that NTP treatment
stimulated inter-follicular adipogenesis.
Conclusions

Currently, various types of laser-based devices are being utilized
in clinical practice as an alternative treatment for hair growth,
and laser-based devices have been shown to increase blood
supply, signaling molecules, and growth factors for hair folli-
cles.12–15 In particular, low-level lasers have been shown to be
useful for the treatment of hair loss, and some of them are
commercially available at present. However, certain types of
lasers such as fractional lasers are relatively expensive, and
some treatments have been shown to induce side effects along
with burns or microscopic injuries on the patient's skin owing
to their strong energy.16

Meanwhile, advances in the NTP device and its application can
greatly benet the control of various skin conditions, including
hair loss. Although it is not a life-threatening disease, hair loss
affects one's self-esteem and may thereby cause social problems.
NTP treatment is an easy-to-use, non-invasivemethod that can also
be developed as a wearable device, for example, as an attachable
pad.32 Moreover, NTP devices are easier to manufacture than
lasers, are simple to use, and have the advantage of being portable
27894 | RSC Adv., 2021, 11, 27880–27896
due to their small size as shown in Fig. 1b. In addition, NTP
treatment not only activates skin cells without causing any
damage, unlike that in the case of laser, but also allows trans-
dermal NO generation to promote hair growth through vasculari-
zation, adipogenesis, and stem cell activation. It is also known to
be effective against bacterial and fungal skin diseases owing to its
antibacterial effect against various skin bacteria.

For these reasons, we examined the effect of NTP treatment
on hair growth by demonstrating its effect on the microenvi-
ronment of HFs and the inter-follicular dermal
macroenvironment.

Our study suggests, for the rst time, that NTP treatment
efficiently increases the amount of transdermal eNO in the
mouse skin without causing any damage, resulting in signi-
cant promotion of hair growth by improving IGF-1 and b-cat-
enin levels in the HFs and stem cell activity, as well as in the
improvement of the inter-follicular macroenvironment by
enhancing perifollicular vascularity and adipogenesis. There-
fore, we propose that NTP may be a promising alternative
therapy in regenerative medicine to safely deliver eNO for the
treatment of hair loss disorders without requiring any addi-
tional drug or material.

Nevertheless, clinical trials are warranted to conrm this
hypothesis. The biological effects of eNO produced from NTP
toward hair growth must be studied deeply to obtain a better
understanding of its role in the skin and its microenvironments.
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C. M. Volkmar, M. Röhle, P. C. Fuchs, P. Awakowicz,
C. V. Suschek and C. Opländer, Nitric Oxide, 2015, 44, 52–
60, DOI: 10.1016/j.niox.2014.11.015.

26 J. Duan, X. Lu and G. He, Phys. Plasmas, 2017, 24, 073506,
http://www.ncbi.nlm.nih.gov/pubmed/073506.

27 M. Nishita, S. Y. Park, T. Nishio, K. Kamizaki, Z. Wang,
K. Tamada, T. Takumi, R. Hashimoto, H. Otani,
G. J. Pazour, V. W. Hsu and Y. Minami, Sci. Rep., 2017,
7(1), 1, DOI: 10.1038/s41598-016-0028-x.

28 J. H. Shin, B. J. Privett, J. M. Kita, R. M. Wightman and
M. H. Schoensch, Anal. Chem., 2008, 80(18), 6850–6859,
DOI: 10.1021/ac800185x.

29 S. W. Kang, O. K. Kim, B. Seo, S. H. Lee, F. S. Quan, J. H. Shin,
G. J. Lee and H. K. Park, Anal. Chim. Acta, 2013, 802, 74–81,
DOI: 10.1016/j.aca.2013.09.029.

30 S. W. Kang, H. J. Ahn, B. Seo, O. K. Kim, Y. J. Lee, J. H. Shin,
G.-J. Lee and H.-K. Park, Sens. Actuators, B, 2014, 203, 245–
251, DOI: 10.1016/j.snb.2014.06.127.

31 M. H. Kang, S. S. Jeon, S. M. Shin, M. Veerana, S.-H. Ji,
H. S. Uhm, E.-H. Choi, J. H. Shin and G. Park, Sci. Rep.,
2019, 9(1011), DOI: 10.1038/s41598-018-37711-3.

32 J. Kim, K.-H. Choi, Y. Kim, B. J. Park and G. Cho, Appl. Sci.,
2017, 7(12), 1308, DOI: 10.3390/app7121308.

33 Y. Tian, T. Hao, B. Cao, W. Zhang, Y. Ma, Q. Lin and X. Li,
BioMed Res. Int., 2015, 2015, 827829, DOI: 10.1155/2015/
827829.

34 T. Tong, N. Kim and T. Park, PLoS One, 2015, 10(6),
e0129578, DOI: 10.1371/journal.pone.0129578.

35 M. Chai, M. Jiang, L. Vergnes, X. Fu, S. C. de Barros,
N. B. Doan, W. Huang, J. Chu, J. Jiao, H. Herschman,
G. M. Crooks, K. Reue and J. Huang, Cell Rep., 2019,
27(12), 3413–3421, DOI: 10.1016/j.celrep.2019.05.070.

36 M. Ushio-Fukai and Y. Nakamura, Cancer Lett., 2008, 266(1),
37–52, DOI: 10.1016/j.canlet.2008.02.044.

37 S. Bekeschus, J. Kolata, A. Muller, A. Kramer, K. Weltmann,
B. Broker and K. Masur, Plasma Med., 2013, 3(1–2), 1–13,
DOI: 10.1615/PlasmaMed.2014008450.

38 S. Fathollah, S. Mirpour, P. Mansouri, A. R. Dehpour,
M. Ghoranneviss, N. Rahimi, Z. S. Safaie Naraghi,
R. Chalangari and K. M. Chalangari, Sci. Rep., 2016, 6,
19144, DOI: 10.1038/srep19144.
RSC Adv., 2021, 11, 27880–27896 | 27895

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra04625j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 4

:3
9:

33
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
39 S. Kalghatgi, G. Friedman, A. Fridman and A. M. Clyne, Ann.
Biomed. Eng., 2010, 38(3), 748–757, DOI: 10.1007/s10439-009-
9868-x.

40 M. Eyries, T. Collins and L. M. Khachigian, J. Endothelial Cell
Res., 2004, 11(2), 133–139, DOI: 10.1080/
10623320490482691.

41 P. Delafontaine and L. Ku, Cardiovasc. Res., 1997, 33(1), 216–
222, DOI: 10.1016/S0008-6363(96)00179-4.

42 J. Vivekananda, A. Lin, J. J. Coalson and R. J. King, J. Biol.
Chem., 1994, 269(40), 25057–25061, DOI: 10.1016/S0021-
9258(17)31497-7.

43 Y. Liu, S. Lyle, Z. Yang and G. Cotsarelis, J. Invest. Dermatol.,
2003, 121(5), 963–968, DOI: 10.1046/j.1523-
1747.2003.12600.x.

44 R. S. S. Azevedo, J. R. de Sousa, M. T. F. Araujo, A. J. Martins
Filho, B. N. de Alcantara, F. M. C. Araujo, M. G. L. Queiroz,
A. C. R. Cruz, B. H. B. Vasconcelos, J. O. Chiang,
L. C. Martins, L. M. N. Casseb, E. V. da Silva,
V. L. Carvalho, B. C. B. Vasconcelos, S. G. Rodrigues,
C. S. Oliveira, J. A. S. Quaresma and P. F. C. Vasconcelos,
Sci. Rep., 2018, 8(1), 1, DOI: 10.1038/s41598-017-17765-5.

45 A. G. Messenger, K. Elliott, A. Temple and V. A. Randall, J.
Invest. Dermatol., 1991, 96(1), 93–97, DOI: 10.1111/1523-
1747.ep12515907.

46 Y. R. Yun, J. E. Won, E. Jeon, S. Lee, W. Kang, H. Jo,
J. H. Jang, U. S. Shin and H. W. Kim, J. Tissue Eng., 2010,
2010(1), 218142.

47 N. Lal, K. Puri and B. Rodrigues, Cardiovasc. Med., 2018, 5,
39, DOI: 10.3389/fcvm.2018.00039.

48 F. Zhang, Z. Tang, X. Hou, J. Lennartsson, Y. Li, A. W. Koch,
P. Scotney, C. Lee, P. Arjunan, L. Dong, A. Kumar,
T. T. Rissanen, B. Wang, N. Nagai, P. Fons, R. Fariss,
Y. Zhang, E. Wawrousek, G. Tansey, J. Raber, G.-H. Fong,
H. Ding, D. A. Greenberg, K. G. Becker, J.-M. Herbert,
A. Nash, S. Yla-Herttuala, Y. Cao, R. J. Watts and X. Li,
Proc. Natl. Acad. Sci. U. S. A., 2009, 106(15), 6152–6157,
DOI: 10.1073/pnas.0813061106.

49 M. Kawano, A. Komi-Kuramochi, M. Asada, M. Suzuki, J. Oki,
J. Jiang and T. Imamura, J. Invest. Dermatol., 2005, 124(5),
877–885, DOI: 10.1111/j.0022-202X.2005.23693.x.

50 T. Hibino and T. Nishiyama, J. Dermatol. Sci., 2004, 35(1), 9–
18, DOI: 10.1016/j.jdermsci.2003.12.003.

51 Y. Xiong and C. S. Harmon, J. Interferon Cytokine Res., 1997,
17(3), 151–157, DOI: 10.1089/jir.1997.17.151.

52 V. Greco, T. Chen, M. Rendl, M. Schober, H. A. Pasolli,
N. Stokes, J. dela Cruz-Racelis and E. Fuchs, Cell Stem Cell,
2009, 4(2), 155–169, DOI: 10.1016/j.stem.2008.12.009.

53 R. Sennett and M. Rendl, Semin. Cell Dev. Biol., 2012, 23(8),
917–927, DOI: 10.1016/j.semcdb.2012.08.011.

54 V. A. Botchkarev and R. Paus, J. Exp. Zool., Part B, 2003,
298(1), 164–180, DOI: 10.1002/jez.b.33.
27896 | RSC Adv., 2021, 11, 27880–27896
55 B. Hu, K. Lefort, W. Qiu, B. C. Nguyen, R. D. Rajaram,
E. Castillo, F. He, Y. Chen, P. Angel, C. Brisken and
G. P. Dotto, Genes Dev., 2010, 24(14), 1519–1532, DOI:
10.1101/gad.1886910.

56 G. Rivera-Gonzalez, B. Shook and V. Horsley, Cold Spring
Harbor Perspect. Med., 2014, 4(3), a015271, DOI: 10.1101/
cshperspect.a015271.

57 G. Donati, V. Proserpio, B. M. Lichtenberger, K. Natsuga,
R. Sinclair, H. Fujiwara and F. M. Watt, Proc. Natl. Acad.
Sci. U. S. A., 2014, 111(15), E1501–E1509, DOI: 10.1073/
pnas.1312880111.

58 B. Zhang, P. C. Tsai, M. Gonzalez-Celeiro, O. Chung,
B. Boumard, C. N. Perdigoto, E. Ezhkova and Y. C. Hsu,
Genes Dev., 2016, 30(20), 2325–2338, DOI: 10.1101/
gad.285429.116.

59 E. Festa, J. Fretz, R. Berry, B. Schmidt, M. Rodeheffer,
M. Horowitz and V. Horsley, Cell, 2011, 146(5), 761–771,
DOI: 10.1016/j.cell.2011.07.019.

60 M. V. Plikus, J. A. Mayer, D. de La Cruz, R. E. Baker,
P. K. Maini, R. Maxson and C. M. Chuong, Nature, 2008,
451(7176), 340–344, DOI: 10.1038/nature06457.

61 L. Mecklenburg, D. J. Tobin, S. Müller-Röver, B. Handjiski,
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62 E. Poblet, F. Jiménez, C. S. Trempus, R. J. Morris,
G. Cotsarelis and R. W. Tennant, J. Invest. Dermatol., 2003,
121(5), 1220–1221, DOI: 10.1046/j.1523-
1747.2003.12550_3.x.
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