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In this paper, we introduce the feasibility of atmospheric-pressure argon microplasma irradiation (AAMI) to promote percutaneous absorption. A
hairless Yucatan micropig skin was used for this ex vivo study. After AAMI, the disturbance in the stratum corneum (SC) lipids was observed using
attenuated total reflectance-Fourier transform infrared spectroscopy. Also, an increase in transepidermal water loss and no physical damage on pig
skins were confirmed by microscopic observation. These results of AAMI were compared with those of a plasma jet irradiation (PJl) and a tape
stripping test (TST) leading to the conclusion that AAMI reduces the barrier function of the skin and could also enhance the transdermal absorption

of drugs. © 2016 The Japan Society of Applied Physics

1. Introduction

The skin is the largest body organ, responsible for protecting
the body from the external environment. Over time, there
has been growing interest in skin penetration as a significant
route for drug delivery, in which topical, regional, or
systemic effects are desired.! Skin penetration has advan-
tages such as the stability of drug concentrations in the blood
or avoiding first-pass metabolism and gastrointestinal drug
degradation,> but it is still limited to the delivery of small-
molecule drugs and lipophilic drugs.*® For many years,
various chemical, mechanical, and physical methods have
been actively studied to enhance skin penetration, including
ionphotoresis, sonophotoresis, and microneedles.”’ However,
besides the positive effects, cutaneous side effects of those
methods were also reported.”™” Therefore, safe and efficient
transdermal permeation enhancement technology still re-
mains a challenge in medicine and cosmetology.

Recently, atmospheric plasma applications have attracted
attention due to their many potential advantages, such as
the presence of highly reactive species'®!'? [e.g., reactive
oxygen species (ROSs) and reactive nitrogen species (RNSs)]
and no requirement of costly vacuum enclosures. Particularly
in the medical and biological fields, several recent studies
have demonstrated that plasma is highly efficient for skin
treatment,'>'¥ including skin disinfection’™'” and rejuve-
nation therapy.'®

Therefore, as an appropriate tool for skin treatment, we
investigated the possibility of atmospheric-pressure argon
microplasma irradiation (AAMI) for improving skin perme-
ability. The other aim of this study is to investigate drug
delivery through the skin without injection needles,'’
without any damage to the skin.’” The impact of AAMI on
the stratum corneum (SC), which plays an essential role in
the barrier function of the skin, was examined in this study.?"
In conclusion, this investigation indicates that AAMI is
expected to be a promising alternative method that could
promote drug delivery through the skin and could simulta-
neously minimize the pain from other skin penetration
enhancement manipulations.

2. Materials and methods

2.1 Tissue samples
This ex vivo study was carried out on a hairless Yucatan
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Fig. 1. (Color online) Images of microplasma electrodes. (a) Schematic
image of cross-sectional view. (b) Top view of electrodes without plasma and
with plasma discharge on the surface.

micropig skin, which has similar permeability properties
and histological characteristics to human skin.”>** Frozen
Yucatan micropig dorsal skin sheets (female pigs, 5 months
old) were purchased from Charles River Japan Incorporated.
The skin sheets were stored at —80°C in a freezer until the
series of measurements. Before starting each measurement,
skin samples were equilibrated in a chamber at approximately
27°C for 30 min and then utilized in full thickness.

2.2 Microplasma generation

Figure 1 shows an image of a thin-film type electrode for
AAML® This electrode consists of a dielectric layer of
roughly 25-50pm thickness, sandwiched by two copper
electrode layers. The high-voltage applied electrode was
covered with an insulation layer and the grounded electrode
faced the skin samples at a distance of 7mm. The clectrodes
were perforated with 15 holes of 2.0 mm diameter allowing
argon gas to pass through. Furthermore, the electrode was
connected to the probe to maintain a stable supply of argon
gas with a flow rate of 5L/min for 1 and 5min of micro-
plasma irradiation (Fig. 2). Plasma was generated on the
basis of dielectric barrier discharge (Fig.3) at a low
discharge voltage of 700V (zero-to-peak, 27 kHz) using a
neon-sign transformer (LECIP aNEON M-1H).

© 2016 The Japan Society of Applied Physics
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2.3 Plasma jet irradiation and tape stripping test
procedures
The effect of AAMI on skin was compared with that of a
conventionally used plasma jet irradiation (PJ1)'**-*¥ and a
tape stripping test (TST). A schematic image of the plasma jet
electrode is shown in Fig. 4(a). The electrode consists of a
glass tube of 0.9mm inner diameter (measured at the tip
placement of the inner tungsten electrode), in which argon
gas flows with a flow rate of 3L/min. A plasma jet was also
generated by the dielectric barrier discharge (DBD) that
occurred between the tungsten electrode and the aluminum
sheet wrapping the glass tube. Figure 4(b) shows an actual
image of the light emission of this PJI. The exposure distance
between the end of the glass tube and the pig skin surface was
set at 7mm. In this study, the procedures of PJI were carried
out under the same experimental conditions as AAMI, how-
ever, the voltage was set at a discharge start voltage of 3.2kV
(zero-to-peak, 16.1kHz) and the exposure time was 10s.
TST is well known as a representative method for the
evaluation of the barrier function of the SC and for the
quantification of typically applied substances within the
skin.?" Layers of the SC were physically removed with
every tape strip; hence, the barrier function of a skin sample
will be decreased after this process. In this study, TST was
carried out for 10 and 20 times on a pig skin surface with a
pressure of 165 g/cm? using 3M Scotch Tape.*”

2.4 Evaluation of skin barrier function

The changes in lipids and proteins in the pig SC were
investigated using attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR) spectroscopy (JASCO FT/IR
6300).%3 As shown in Fig. 5, the principle of the ATR
method is based on the property of total internal reflection
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Fig. 4. (Color online) PIT procedure. (a) Schematic image of plasma jet
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Fig. 5. (Color online) Basic principle of ATR method.

resulting in an evanescent wave, which is formed by the
reflection of the infrared light off the internal surface,
extending into the sample with a few micrometers in depth
(0.5-5 um). FTIR spectra were obtained by the measurement
of this evanescent wave-induced attenuated energy.

In this study, ATR-FTIR analysis was conducted with a
diamond prism. It has a higher refractive index (2.4) than
that of the pig skin (1.55), which is required for the formation
of total internal reflection at the interface.”® For each
analysis, 64 scans of infrared spectra were taken with a

resolution of 4cm™.

© 2016 The Japan Society of Applied Physics
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Fig. 6. (Color online) ATR-FTIR spectra. (a) Overall spectra of pig SC

during AAMI. (b) Fragment of spectra focusing on methylene stretching
vibration.

In addition, the barrier function alteration of the skin,
which is correlated closely with the permeation behavior, was
monitored by transepidermal water loss (TEWL) measure-
ment*®¥7) with an evaporimeter (Nikkiso Thermo H4500). A
microscope (Leica DM IL LED) was also used to observe
damage on pig skin samples.

3. Results and discussion

3.1 ATR-FTIR analysis

The alterations in the molecular structure of the SC after
AAMI for | and 5 min elucidated by ATR-FTIR spectra are
discussed below:

(i) The presence of amide III, II, and I absorbance peaks
(near 1244, 1544, and 1644 cm™, respectively) arising from
the keratin, which is the major protein of the corneocytes,
was confirmed as shown in Fig. 6(a).*” Amide I caused by
the C=0 stretching,*® which correlates closely to the helical
keratin secondary structure, had a higher absorbance intensity
after AAMI. In addition, the shifted band in the amide III
spectral range of 1200-1350cm™" could be produced by the
different protein conformations.*” Zhang et al. performed
the oxidation on horn keratin using hydrogen peroxide and
revealed that the oxidized keratin lost its ordered a-helical
structure to form a disordered structure. Therefore, we also
considered that AMMI could oxidize SC proteins resulting in
the increase in both keratin amide I and II peaks.*”

(ii) As shown in Fig. 6(b), a band assigned to =C-H
stretching (roughly 3010cm™') arising from unsaturated
hydrocarbon chains,* was gradually disappearing after
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Fig. 7. (Color online) Comparison of decrease in CH; peaks between
AAMI, TST, and PJIL.

AAMI. The presence of the ester carbonyl stretching band
at roughly 1740cm™ indicates that the unsaturated lipids
including these unsaturated hydrocarbon chains were derived
from sebum or contamination on the sample surface.*” This
band also significantly decreased, indicating that there was an
ability of AMMI for skin cleansing.

(iii) The absorbances in symmetric and asymmetric CH»
stretching modes at approximately 2850 and 2920cm™' were
chosen to evaluate the effect of AAMI on skin barrier
function compared with those of TST and PJI. As shown in
Fig. 7, the peak intensities were significantly decreased with
the increase in the number of tape strips corresponding to the
skin barrier defect. This decrease tendency of CHj; stretching
modes was also obtained in the case of AAMI. Moreover,
the frequency of the symmetric methylene (CH,) peak was
shifted from 2850 to 2851 cm™' after Smin of AAMI,
reflecting a change in the SC lipid conformation.*®

For the plasma discharge in argon, the emission spectrum
detected by Shimizu et al. shows the presence of excited Ar
atoms, OH radicals, and O radicals.*” In addition, other
ROSs and RNSs could be generated during plasma discharge
as a result of the presence of O, and N; in ambient air via the

reactions below.*>*3
OH + OH — H,0;, (1)
H,0, + OH — H,0 + O~ + H* @)
O+e” —=20+¢e” 3)
0+0,+M - 03+ M ()]
No+e — 2N+e” (&)
O+e = 20+¢” (6)
N+O(CP)+M —= NO+M (7
NO + OH — NO;~ + H* ()]
NO;” + 03 - NO;~ + Oy 9

It has been accepted that ROSs have some effects on cell
membranes and RNSs have an effect on biological cells. The
above-mentioned ATR-FTIR analysis result indicated that
AAMI could oxidize the SC protein and cause SC lipid
disturbance. Thus, OH radicals and ROSs could be the main
factors for improving skin permeability. However, the
biological half-lives of typical reactive species such as H,O»
(~10755), 0y~ (~107%s), OH radicals (~107"s), and NO
(<1s)™ are not considerably long enough for their pene-
tration through all the SC, which has a thickness of 10-40 pm.

© 2016 The Japan Society of Applied Physics
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Fig. 8. (Color online) Variations in TEWL values before and after AAMIL,
TST, and PJIL

3.2 Assessment of skin barrier defects

A reduced epidermal barrier was also shown according to the
increase in the TEWL value (Fig. 8). In addition, the TEWL
value of AAMI 5min (35.92 + 3.48 g¢m™>h™") was approx-
imately the same as that of TST [0 times (34.30 + 3.54
gm~>h7"), so the effect of these manipulations on the
surfaces is considered to be at the same level.

The increase in the TEWL value compared with the control
revealed that PIT also had an effect on the barrier function of
the skin. Under the conditions of this study, PII leads to a
greater reduction in the barrier function of the skin even with
a short exposure time (10s). PJT had a direct etching effect on
the sample surface caused by the flow of ionized gas with
high-energy particles™ leading to the formation of undesir-
able microholes, as shown in Fig. 9. In contrast, AAMI was
a remote process, which could lead to less possibility of
colliding charged particles on the sample surface. In addition,
the differences in SC morphology shown in Fig. 9 could also
be explained by the fact that while TST was a physical
treatment, PJT was a combination of physical and chemical
treatments. The increased TEWL value observed after several
tests reflected and corresponded to the decrease in CH, peaks
analyzed by ATR-FTIR methods.

Tero et al. revealed that DBD plasma irradiation induced
pore formation (10nm to 1pm in size) in an artificial cell
membrane system comprising supported lipid bilayers. which
have a similar composition to intercellular lipid bilayers.*®
We also considered that the active species. charged species,
or photons that existed in plasma could play a role to enhance
drug penetration by the disturbance of the intercellular lipid
bilayers. The disorder in this bilayer conformation, as shown

Corneocyte

Stratum
Corneum

Fig. 10.

(© (d)

Fig. 9. (Color online) Microscopic photographs of YMP stratum corneum
before and after the experiments: (a) control, (b) AAMI Smin, (c) TST 20
times, and (d) PJI 10s.

in Fig. 10, could be considered to recover soon after plasma
irradiation.

4. Conclusions

Owing to the presence of many highly reactive species (ROS,
RNS, etc.), atmospheric-pressure argon microplasma irradi-
ation is an efficient method to chemically modify a material
substance. In this study, the effect of AAMI on SC lipid
disorders was confirmed. This could lead to a feasible method
of improving skin permeability and enhancing the trans-
dermal absorption of drugs. Furthermore, AAMI does not
cause undesirable damage to the skin and could be expected
to minimize physical pain. These findings have indicated that
there is feasibility of AAMI for medical applications and
have provided a basis for future experimentation.

Intercellular lipid bilayers

(Color online) Conformational disorder of intercellular lipid bilayers by microplasma irradiation to the SC.
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