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Wearable Plasma Pads for Biomedical Applications
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Abstract: A plasma pad that can be attached to human skin was developed for aesthetic and
dermatological treatment. A polyimide film was used for the dielectric layer of the flexible pad,
and high-voltage and ground electrodes were placed on the film surface. Medical gauze covered the
ground electrodes and was placed facing the skin to act as a spacer; thus, the plasma floated between
the gauze and ground electrodes. In vitro and in vivo biocompatibility tests of the pad showed no
cytotoxicity to normal cells and no irritation of mouse skin. Antibacterial activity was shown against
Staphylococcus aureus and clinical isolates of methicillin-resistant S. aureus. Furthermore, skin wound
healing with increased hair growth resulting from increased exogenous nitric oxide and capillary
tube formation induced by the plasma pad was also confirmed in vivo. The present study suggests
that this flexible and wearable plasma pad can be used for biomedical applications such as treatment
of wounds and bacterial infections.
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1. Introduction

Non-thermal atmospheric-pressure plasmas (NAPPs) have been studied for potential applications
in dermatology and wound healing [1–6]. Plasma components such as ultraviolet (UV) rays, electric
current (EC), reactive oxygen species (ROS), and reactive nitrogen species (RNS) are involved in
skin treatment.

In the most recent review papers [1,7–10], plasma sources for cell and tissue research have been
introduced. At least three different NAPP sources have been developed for biomedical applications [11–14].
Direct plasma sources—primarily dielectric barrier discharge (DBD) technology—use the human body as a
counter electrode [6,15]. Indirect plasma sources generate plasma between two electrodes within a delivery
device and the active components created by the plasma are transported to the target area [16–21]. These
indirect delivery devices can vary from thin plasma needles to plasma jets and large torches, with different
arrangements of electrodes. A recent approach uses the so-called hybrid plasma source, which combines
the benefits of both of the above techniques and enables large and flexible plasma designs. Thus far,
the plasma sources used for medical purposes have been based on both direct and indirect approaches.
Future trends seem to be shifting toward hybrid plasmas, as these enable large and flexible designs.

In the early stage of floating electrode DBD (FE-DBD) plasma generation, a high voltage (10–30 kV)
with a low frequency (200 Hz–1 kHz) is applied to an electrode protected by a 1-mm-thick quartz plate
as a dielectric barrier [2,19]. Technical (operating voltage) parameters for DBD sources developed at
the Leibniz Institute for Plasma Science and Technology (INP Greifswald) are 10 kV at 20 kHz for
surface DBD in ambient air [7]. High-voltage (10–30 kV) non-thermal plasma discharge generation
in ambient air to treat living animals and humans requires high-level safety precautions. Safety and
guaranteed non-injurious regimens are essential in plasma medicine applications.

Appl. Sci. 2017, 7, 1308; doi:10.3390/app7121308 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://dx.doi.org/10.3390/app7121308
http://www.mdpi.com/journal/applsci


Appl. Sci. 2017, 7, 1308 2 of 13

Our laboratory developed two types of FE-DBD devices [18]. One uses a 1-mm-thick quartz plate
and the other uses a copper wire coated with 1-mm-thick foam rubber for insulation against high
voltage. The applied voltage is reduced to the range of 2–3 kV at a higher frequency of 40–60 kHz using
a direct current to alternative current (DC-AC) inverter. Further development of the FE-DBD involves
a reduced operating voltage. The other parameter involved in voltage reduction is dielectric barrier
thickness. A thin film of polyimide can reduce thickness by replacing the solid dielectric plate, which is
fragile. In this study of hybrid-DBD plasma, the operating voltage was reduced to 1 kV at a frequency
of 50 kHz using a flexible 125-µm-thick polyimide film. The lower voltage enables development of a
miniaturized wearable power supply with a DC-AC inverter.

For the last two decades, the focus of biomedical plasma research has been on plasma jets and
DBD devices. Plasma jets have been developed in pencil structures, while DBD devices comprising
a finite surface area have been produced in plane structures [3,16–19]. Both devices are utilized for
direct skin treatments by physicians and other healthcare professionals; however, these devices require
prolonged treatment. For example, in the case of atopic eczema, itching decreases after a 4 h plasma
treatment, or after applications of several minutes per day for 30 days [3]. Long-term plasma treatment
is required for wound healing and treatment of skin diseases. It is also important to note that these
devices can only cover a limited area in a single treatment. However, because they are not limited by
treatment time and the size of the treatment area, DBDs integrated in an adhesive device for application
on human extremities have been proposed [20–22].

In this study, a plasma pad was introduced as another hybrid-DBD plasma treatment method,
whereby the restrictions on treatment time and size of the treated area are eliminated. A flexible,
wearable plasma pad of various sizes can be applied to human skin; therefore, it was expected that
the proposed pad could be used as an effective treatment option at various sites, thereby reducing
both time and spatial restrictions. Here, a plasma pad system, as well as the power system and
spectroscopic plasma emissions, is described. The biocompatibility of the plasma pad and the effect of
plasma treatment on wound healing and antibacterial activity were tested.

2. Experimental Methods

2.1. Fabrication and Characterization of a Plasma Pad System

2.1.1. Fabrication of the Plasma Pad

For the dielectric layer of the plasma pad, a commercial polyimide film (Kapton® film, DuPont,
Wilmington, DE, USA) was selected, with a thickness ranging from several tens to hundreds of µm.
Kapton film has good electrical and physical characteristics, including a thermal resistance up to
+400 ◦C, high chemical resistance, and a high breakdown voltage exceeding 6 kV for a film thickness
of 120 µm, with a field strength of 5 × 105 V/cm [23]. For a hybrid-DBD plasma pad, the high-voltage
electrode and the ground electrode were fabricated on the upper and lower surfaces of the 120-µm-thick
polyimide film of the plasma pad. The pad is electrically safe because the high-voltage film surface
is covered with silicone rubber for insulation, while the cold plasma that is generated on the ground
electrode surface is in contact with the skin and medical gauze covers the film surface of the ground
electrode. To attach the pad to the skin, adhesive paste is applied around the periphery of the gauze,
except in the area covering the ground electrode.

2.1.2. Characteristics of Applied Power

A sinusoidal voltage in the range of 1–2 kV at a frequency of 50 kHz was applied to the
high-voltage electrode through a DC-AC inverter. The operating voltage was modulated with the duty
ratio of an on-and-off time control as defined by

β = (τ/T)× 100 (%) (1)
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with an on-time of τ and a modulation period of T = 4 s. For a duty ratio β = 100%, respective voltage
and current values measured at the terminal of the inverter were approximately 1.1 kV rms and
5.5 mA rms. The input power to the inverter was Po = 6 W for β = 100% and P = βPo for a variable β.

2.1.3. Measurement Method for Temperature and Ozone Concentration

The temperature of the plasma pad was measured with a thermocouple attached to the gauze
on the surface of the plasma pad, and high voltage was applied to measure the temperature change.
The temperature was measured for 1 h under both conditions of β = 50% and β = 100%. The ozone
concentration in the plasma pad was measured using ozone detectors (Detector Tube No. 18 L,
GASTEC, Ayase, Japan). The measuring distance between the plasma pad and the ozone detector was
10 cm or 20 cm, and the duty ratio of the applied power was 25%, 50%, 75%, or 100%.

2.1.4. Optical Emission Spectroscopy of the Plasma Pad

The emitted surface light from the plasma pad was collected by a spectroscopic diagnostic
system, composed of a collimating lens pair, optical fiber (QP400-2-SR), and spectrophotometer
(HR4000CG-UV-NIR, Ocean Optics, Largo, FL, USA) with a linear charge-coupled device (CCD)
detector array. Emission spectra were measured over a wide wavelength range of 200–1100 nm.
The spectral focal length was 101 mm, and the best spectral resolution was 0.75 nm (Full Width Half
Max). This system was calibrated with deuterium and mercury lamps. The measured data were
integrated over 1 s or more. The recorded data were observed using Origin 8.5 software.

2.2. In Vitro and In Vito Biocompatibilty Testing of the Plasma Pad

For in vitro biocompatibility tests, cytotoxicity was assessed using green fluorescent
protein (GFP)-transfected keratinocytes (HaCaT cells) and fibroblasts (L-929 cells), as previously
described [24–26]. Briefly, the GFP-transfected HaCaT and L-929 cells were maintained in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and 1% antibiotic
solution. Each cell line was seeded on cover glasses (ϕ 12 mm) in 24-well plates (Coster Corp.,
Bethesda, MD, USA) at 1.5 × 105 cells/mL and incubated at 37 ◦C in 5% CO2 for 24 h. After incubation,
the cover glasses were transferred into a non-coated 35 mm dish with 2 mL of DMEM media and
the plasma pad was placed about 1 to 2 mm distant from the media in the dish. Each cell line on
the cover glass was exposed to plasma by treating the media surface for 0 min, 1 min, 3 min, 5 min,
and 10 min and the cover glass was transferred into a 24-well plate and incubated at 37 ◦C in 5% CO2

for another 24 h. Cell viability was calculated using the absorbance value of each well at 450 nm after
incubation with a Cell Counting Kit-8 (CCK-8) solution (Dojindo Laboratories, Kumamoto, Japan).
To confirm morphological changes, each cell was examined with an imaging reader (Cytation 3; BioTek
Instruments, Inc., Winooski, VT, USA). The data shown for biocompatibility in this study were obtained
from two independent experiments (sample number n = 4) and were expressed as mean ± standard
deviation (SD) for quantitative data. Statistical comparisons were performed with a Student’s t-test,
and P < 0.05 was considered statistically significant.

To evaluate in vivo biocompatibility, a skin irritation test was conducted on hairless mice using
a method described in the ISO 10993-10 [27]. Briefly, 10 healthy hairless mice were used for in vivo
experiments and were divided into 2 groups. Group 1 served as the control, and Group 2 was treated
with plasma for 10 min. After plasma treatment, signs of edema and/or erythema in each mouse
were checked at 24 h and 48 h, and any responses in the plasma-treated group were also evaluated
according to the method in the ISO 10993-10. Histological analysis was also performed after staining
with hematoxylin and eosin (H&E).

2.3. Detection of Nitric Oxide Generated by the Plasma Pad

In order to detect exogenous nitric oxide (NO), an absorption-based Griess reagent method was
used to determine total amounts of NO−

x generated by the plasma pad. Griess reaction solutions and
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processes were prepared as in a previous report [28]. Briefly, 2 samples (1 mL each) of Dulbecco’s
phosphate buffered solution (DPBS) and DMEM with 10% FBS were exposed to plasma for different
treatment times (0 min, 1 min, 3 min, 5 min, and 10 min). Then, 100 µL of each plasma-treated sample
was placed into the 96-well microplate and 100 µL of the two Griess reagents was added to each sample
solution. The mixed solutions were left for at least 30 min to terminate this reaction. After mixing,
the absorbance was measured at 540 nm using a multimode microplate reader (CYTATION 3, BioTek
Instruments, Inc., Winooski, VT, USA). Calibration was performed using a sodium nitrate solution for
each measurement.

2.4. Analysis of Capillary Tube Formation with Plasma Treatment

Human dermal microvascular endothelial cells (HDMVECs, Lonza, Walkersville, MD, USA)
were purchased from Lonza Japan Ltd. and cultured in endothelial cell-basal medium-2 (EBM-2)
supplemented with 2% FBS and endothelial cell growth supplements (Lonza, Walkersville, MD, USA),
and a 1% antimycotic solution at 37 ◦C and 5% CO2. The capillary tube formation study was performed
with the HDMVECs between Passages 5 and 6.

For cell differentiation in HDMVECs, each well of a 24-well plate was coated with 180 µL of
Matrigel (growth factor reduced type; BD Biosciences, Rockville, MD, USA) and incubated at 37 ◦C for
30 min to harden the Matrigel in each well. Pre-cultured HDMVECs were plated at 0.3 × 105 cells/mL
in non-coated 35 mm dishes with 2 mL of EBM-2 media and the plasma pad was placed as described
above. Then, the HDMVECs were also exposed to plasma by treating the media surface for 0 min, 1 min,
3 min, 5 min, and 10 min. The plasma-treated HDMVECs were transferred into the Matrigel-coated
24-well plate and incubated at 37 ◦C to form capillary tubes. After incubation for 8 h, each well was
examined with an automated live cell imager (LIONHEART FX; BioTek Instruments, Inc., Winooski,
VT, USA) to confirm the formation of new capillary tubes from HDMVECs by plasma treatment.

2.5. In Vivo Wound Healing Experiment

To confirm the in vivo wound healing effect of the plasma pad, an animal experiment was
conducted using a full-thickness excisional wound model as previously described [26,29–31]. Briefly,
16 healthy male mice (C57BL/6J, Charles River Corp. Inc., Barcelona, Spain) were divided into 2
groups and the mice in each group were bred in individual cages. To induce full-thickness excisional
wounds, the skin was disinfected with povidone-iodine and 70% (v/v) ethanol and a sterile biopsy
punch (8 mm in diameter) was used to create a full-thickness excisional wound. Then, each wound
site was carefully splinted using a silicone-splinting ring (12 mm inner diameter and 20 mm outer
diameter) and the plasma pad was attached on the silicone ring. After plasma treatment for 10 min,
the wounds in each mouse were dressed with a transparent wound dressing (Tegaderm film, 3M
Corp.) and the dressing was changed every other day. The negative control mice were treated with
PBS only. The wound sites were observed using a stereomicroscope (SZX16, Olympus, Tokyo, Japan)
every other day and histological analysis of each skin sample was performed after 21 days with H&E
staining to evaluate the wound healing effect of the plasma treatment.

2.6. Evaluation of Antibacterial Activity Using Plasma Treatment

To confirm the antibacterial activity of the plasma pads, Staphylococcus aureus (S. aureus ATCC
14458) and methicillin-resistant S. aureus (MRSA), isolated from patients at the Yonsei Medical Center in
Seoul [26], were used. S. aureus was grown on plate count agar (PCA, Becton, Dickinson and Company,
Sparks, MD, USA) at 35 ◦C for 24 h and MRSA was grown on Brain Heart Infusion agar (BHIA,
Becton, Dickinson and Company, Sparks, MD, USA) at 35 ◦C for 24 h. Pre-cultured bacterial cells were
suspended at 1 × 106–1 × 107 colony forming units (CFU)/mL in nutrient broth for (S. aureus) and
BHI broth for MRSA. The bacterial cells were inoculated into 24-well plates after 10-fold dilution to
yield 1 × 105–1 × 106 CFU/mL and were incubated at 35 ◦C after plasma treatment for 0 min, 1 min,
3 min, 5 min, and 10 min. After incubation for 24 h, the bacterial cells were serially diluted by 10-fold



Appl. Sci. 2017, 7, 1308 5 of 13

increments (1 × 101 to 1 × 107) and inoculated into PCA or BHIA to confirm cell viability. Bacterial
cell viability was determined by counting the CFU of each bacterial type, and the antibacterial activity
was defined as a >3-log decrease in CFU/mL.

3. Results and Discussion

3.1. Description of the Plasma Pad

The plasma pad introduced in this paper was produced in the form of a wearable device with a
flexible thin-film plasma sheet and an electric power unit. Figure 1 shows a schematic of the overall
concept of the plasma pad system, including the wearable power-supply unit stored in a band-type
pocket. Electrical power is supplied to the pad through a cable with a connector, and the connector
is detachable for pad disposal. After the system has been charged with the secondary battery of the
power-supply unit, it can be used in a wireless form without external power; therefore, the patient
can move freely while wearing the plasma pad system. Although plasma is generated in the voids
of the gauze space between the skin and the film surface, the plasma pad has good electrical safety.
In addition, it is protected from low temperature thermal damage as the film surface constantly
maintains a temperature below 40 ◦C.
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Figure 1. Schematic illustration of the wearable plasma pad kit and photographs of the thin-film
plasma pad discharge.

A schematic of the plasma film layers and the discharge of the flexible plasma pad are shown
in Figure 2a. A sinusoidal voltage of 50 kHz and 1.1 kV rms is applied to the high-voltage electrode.
The cold plasma is readily generated even on a curved flexible surface, as shown in Figure 2a, and no
electrical problems are evident when the flexible pad is attached to the skin.

To confirm the formation of the ROS and RNS generated in the discharge, the plasma
pad surface light was analyzed by optical emission spectroscopy in the wavelength range of
200–900 nm (Figure 2b). The identification of these emission lines was performed according to previous
reports [32,33]. The strongest emission peaks were the nitrogen lines at 316 nm, 337 nm, and 358 nm.
It should be noted that emission lines from OH (309 nm) and N+

2 (391 nm) appeared, but their
intensities were very weak. These emission spectra indicate that the processed chemical and physical
reaction produced various ROS such as NO, OH, and O·

2 via the plasma pad.
Figure 2c shows the variation of temperature inside the plasma pad versus the operating time

under the same operating conditions of β = 100% and β = 50. The temperature was measured using
a thermocouple inside the pad attached to the skin. Temperature saturating occurred at 50 ◦C for
β = 100% and at 38.6 ◦C for β = 50% after 10 min. During a long-run test of several hours for stability
and safety at an operating voltage of 1.1 kV, failures, such as thermal deformation of the film, were
not observed, but slight erosion-staining due to plasma on the ground electrode was noted. Concerns
about safety and failure due to aerial ozone or thermal heat can be readily reduced through use of the
power control for voltage modulation.



Appl. Sci. 2017, 7, 1308 6 of 13
Appl. Sci. 2017, 7, 1305  6 of 13 

 

Figure 2. (a) Schematic illustration of the plasma pad and photographs of the thin‐film plasma pad 

discharge. (b) Optical emission spectroscopy of plasma pad discharge. (c) Variation of temperature 

measured inside the pad attached to the skin with β = 100% and β = 50% during 1 h operation. (d) 

Ozone concentration according to the duty ratio at the distances of d = 10 cm and d = 20 cm over the 

plasma surface. 

An  important  issue  could  be  the  adjustability  of  aerial  ozone  to  maintain  an  allowable 

concentration below 0.08 ppm and an ozone odor detection threshold below 0.03 ppm [34,35]. Figure 

2d shows the assessment of ozone concentration in aerial space over the plasma pad with voltage 

modulation  for  power  control  during  plasma  generation.  Figure  2d  shows  ozone  concentration 

versus duty ratio at distances of d = 10 cm and d = 20 cm. When β = 100%, the ozone concentration is 

slightly >0.10 ppm. When β <50%, the concentration is <0.05 ppm, nearly below odor detection level. 

Figure 2d shows the possibility of ozone control in the plasma pad. Even if the concentration over the 

plasma surface was 0.10 ppm at a distance d = 10 cm with β = 100%, the measured level was <0.05 

ppm with the pad attached to the skin. 

In this study, the use of medical gauze is a distinctive feature of the plasma pad. While the pad 

is attached to skin, plasma is generated in the gauze between the pad and the skin. The medical gauze 

plays the role of a spacer, securing a void space for the generation of plasma. Another advantage is 

that medical gauze can be used for various skin care purposes by applying medication as a gel or 

ointment, which will  not  prevent  plasma  ignition  in  the  gauze. As  shown  in  Figure  3,  plasma 

generation between the pad and skin is visually verified by attaching the plasma pad to a glass plate 

rather than to human skin. Figure 3a shows the layers comprising the pad. Because the discharge is 

not visible when the pad is attached to skin, the pad is placed on the glass plate to visually verify the 

discharge underneath the glass plate. Figure 3b shows a photograph taken from over the glass plate. 

The photograph shows that the plasma was generated in the gauze space, even with the pad attached 

to the glass plate. The ring pattern of plasma reflects the pattern of the ground electrode placed on 

the polyimide film as shown in Figure 2a. 

 

Figure 3. (a) Schematic of the plasma pad attached to a glass plate and (b) a photograph of plasma 

pad discharge under a glass plate. 

Figure 2. (a) Schematic illustration of the plasma pad and photographs of the thin-film plasma pad
discharge; (b) Optical emission spectroscopy of plasma pad discharge; (c) Variation of temperature
measured inside the pad attached to the skin with β = 100% and β = 50% during 1 h operation;
(d) Ozone concentration according to the duty ratio at the distances of d = 10 cm and d = 20 cm over
the plasma surface.

An important issue could be the adjustability of aerial ozone to maintain an allowable
concentration below 0.08 ppm and an ozone odor detection threshold below 0.03 ppm [34,35]. Figure 2d
shows the assessment of ozone concentration in aerial space over the plasma pad with voltage
modulation for power control during plasma generation. Figure 2d shows ozone concentration versus
duty ratio at distances of d = 10 cm and d = 20 cm. When β = 100%, the ozone concentration is
slightly >0.10 ppm. When β < 50%, the concentration is <0.05 ppm, nearly below odor detection level.
Figure 2d shows the possibility of ozone control in the plasma pad. Even if the concentration over
the plasma surface was 0.10 ppm at a distance d = 10 cm with β = 100%, the measured level was
<0.05 ppm with the pad attached to the skin.

In this study, the use of medical gauze is a distinctive feature of the plasma pad. While the pad is
attached to skin, plasma is generated in the gauze between the pad and the skin. The medical gauze
plays the role of a spacer, securing a void space for the generation of plasma. Another advantage is that
medical gauze can be used for various skin care purposes by applying medication as a gel or ointment,
which will not prevent plasma ignition in the gauze. As shown in Figure 3, plasma generation between
the pad and skin is visually verified by attaching the plasma pad to a glass plate rather than to human
skin. Figure 3a shows the layers comprising the pad. Because the discharge is not visible when the pad is
attached to skin, the pad is placed on the glass plate to visually verify the discharge underneath the glass
plate. Figure 3b shows a photograph taken from over the glass plate. The photograph shows that the
plasma was generated in the gauze space, even with the pad attached to the glass plate. The ring pattern
of plasma reflects the pattern of the ground electrode placed on the polyimide film as shown in Figure 2a.
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3.2. Biocompatibilty of the Plasma Pad

For biomedical applications of the plasma pad, tests recommended by the International
Organization for Standardization-10993 (ISO-10993) are essential for assessing safety. Therefore,
we performed in vitro and in vivo biocompatibility experiments on the plasma pad using two kinds of
skin cells and hairless mice.

As shown in Figure 4a,b, there was no cytotoxicity in GFP-transfected HaCaT cells or mouse skin
fibroblasts (L-929 cells), and morphological changes were also not observed with plasma treatment,
although cell viability was slightly decreased compared to that of controls due to plasma treatment.

None of the plasma treatments triggered skin irritation at any site, nor did plasma treatment
induce intracutaneous damage, as shown in Figure 4c. Additionally, no symptoms related to skin
tissue toxicity or abnormal behaviors, such as convulsions or prostration, were observed, even after
treatment for 10 min. The results demonstrate that treatment with a plasma pad is minimally toxic
to skin cells, HaCaT and L-929 cells, and mouse skin, and the plasma pad is biocompatible for use in
skin treatment.
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Figure 4. In vitro and in vivo biocompatibility of the plasma pad. (a) Quantitative analysis of
in vitro cytotoxicity of the plasma pad on GFP-transfected human keratinocytes (HaCaT cells) and
mouse fibroblasts (L-929 cells). (n = 4, * P < 0.05 compared to control); (b) Images of plasma-treated
GFP-transfected HaCaT cells and L-929 cells. The images are magnified from those inserted in each
picture taken with a 4× optical lens. Scale bars are 100 µm; (c) Schematic illustration for evaluating the
in vivo skin irritation test using the plasma pad; (d) Photographs and histological images of mouse
skin at day 2 post-plasma treatment for 10 min. Scale bars represent 200 µm.

3.3. Exogenous Nitric Oxide and Capillary Tube Formation in Hdmvecs Induced by the Plasma Pad

Plasma is known to catalyze and regulate biochemical activities and cellular responses such as
proliferation, differentiation, and cell death or apoptosis [36]. The responses may be due to the ROS
and RNS generated by non-thermal plasma [37]. Among the various reactive species, NO can modulate
angiogenesis, resulting in the promotion of wound healing. Therefore, we analyzed exogenous NO−

2
generated from plasma by using Griess reagents. As shown in Figure 5a, plasma treatment significantly
increased exogenous NO−

2 in both DPBS and cell culture media in a time-dependent manner, and the
amount of generated NO−

2 reached a maximum 60 mM with 10 min of plasma treatment. This indirectly
indicates that the NO generated from plasma plays a key role in vascularization and wound healing.

Generally, vascularization or angiogenesis plays a key role in both wound healing and tissue
recovery. Non-thermal plasma recently emerged as a useful method in biomedical applications due
to the ROS and RNS produced. With exogenous NO data, angiogenesis activity was also confirmed
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with plasma treatment. Although angiogenesis is a very complex process, capillary tube formation by
endothelial cells is a key step [38,39].

To evaluate the potential for angiogenesis with plasma treatment, a capillary tube formation
assay was performed using HDMVECs on Matrigel for 8 h. As shown in Figure 5b, the HDMVECs
treated with plasma formed well-defined capillary tubes with enhanced alignment and organization
in a time-dependent manner; moreover, the total length of the capillary tubes also increased with
plasma treatment, while the negative control HDMVECs formed randomly short and disconnected
capillary tubes. This result demonstrates that plasma treatment of HDMVECs may have potential for
enhancement of vascularization in the field of tissue engineering.
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3.4. Wound Healing Effect of the Plasma Pad

To evaluate the in vivo wound healing effect of the plasma pad, treatment was applied at each site
after full-thickness excisional wounds were made on mouse back skin; wound closure in each group
was observed using a stereomicroscope and the wound area was observed for 21 days after treatment.

Plasma treatment significantly enhanced the rate of wound closure at Days 6 and 9 compared to
that in negative controls (Figure 6a). The rate of wound closure in the plasma-treated group reached
about 85.8% and 94.8%, respectively (* P < 0.05) compared to that in the control group (72% and
84%). This might be due to rapid re-epithelialization resulting in the promotion of cell proliferation
and/or migration, thereby facilitating wound healing. Additionally, we assume that the increased
exogenous NO in the wound area and around tissues promoted angiogenesis and enhanced cellular
growth for wound healing. This is supported by several previous studies reporting that NO resulted
in angiogenesis triggering cellular growth and differentiation in a wound model [38–41].

As shown in Figure 6b, the wounded skin fully recovered without any contraction or crusting in
plasma-treated mice, whereas some crusting was found in the negative control group at Day 21.

To confirm wound healing efficacy, recovery was evaluated by using the rate of skin
re-epithelialization, remodeling, and repair in each slide sample after staining with H&E. The rate of
wound repair in the plasma-treated group was 1.3-fold higher than that in the negative control group,
calculated as 12.5% in negative controls and 16.7% in the plasma-treated group. This indicates that
plasma treatment induced accelerated wound repair at Day 21 compared to the controls. Histological
analysis also exhibited the same result as shown in Figure 6c. The histological images of skin treated
with plasma showed re-epithelialization with thick epidermis and increased dermal fibroblasts,
resulting in dense dermal fiber, remodeling with some skin adnexa including hair follicles and dense
dermal fibroblast, and complete wound repair with skin adnexa and increased hair follicles. Hair
follicles in anagen and catagen stages were significantly increased compared with the control group,
as shown in Figure 6d. On the other hand, compared with the plasma-treated group, the negative
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control group showed re-epithelialization of thin epidermis, skin remodeling with fewer dermal
fibroblasts, less deposition of collagen, and wound repair with fewer total hair follicles and increased
telogen-stage follicles.

The overall rate of wound healing in the plasma-treated group was enhanced in comparison
with that in negative controls. These results indicate that remodeling of skin tissue through
re-epithelialization is faster in the plasma-treated group than in the negative control group, resulting
in an increased rate of wound repair.
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Figure 6. In vivo wound healing effects of plasma pads in the full-thickness excisional wound splinting
model. (a) Quantification of the wound closure rate following wounding. (n = 8, * P < 0.05 compared
to control); (b) Representative stereomicroscopic images of full-thickness wound sites and wound
contraction at Days 0 and 21. Scale bars are 2 mm; (c) Histological images of hematoxylin and eosin
(H&E) staining of negative control and plasma-treated skin. Scale bars are 500 µm; (d) Quantitative
hair follicle assessment in repaired wound sites. Total and hair follicles at each stage (anagen, catagen,
and telogen) were determined after H&E staining (n = 8, * P < 0.05 compared to control).

3.5. Antibacterial Activity of the Plasma Pad

The plasma pad antibacterial properties were evaluated using quantitative and qualitative
methods that involved counting the number of CFUs and performing inhibition zone assays after
plasma treatment, as shown in Figure 7. The antibacterial activity using a quantitative method shows a
similar trend to the one shown for the treatment time-dependent antibacterial effect in the qualitative
analysis and the plasma pads showed significant killing efficiency toward S. aureus as well as clinical
MRSA isolates. The strong antibacterial effects of the plasma pad were also observed in qualitative
images. These results indicate that plasma pads can also be used for skin disinfection.
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Figure 7. Antibacterial activity of the plasma pad. Viable bacterial cells were counted after 24 h
post-plasma treatment. Differences of P < 0.05 were considered statistically significant (n = 3, * P < 0.05,
** P < 0.005 compared to the control).

Overall, these results suggest that the biocompatible plasma pad, which causes no cytotoxicity or
skin irritation, has a wound healing effect and antibacterial activity against S. aureus and drug-resistant
bacteria, such as MRSA, indicating great potential as a method of skin treatment.

4. Conclusions

A wearable hybrid-DBD plasma pad with a wearable power supply was developed. Unlike earlier
plasma jets or DBD devices, this wearable plasma pad offers a variety of applications and convenience
in terms of treatment area and time.

The flexible thin-film plasma pad was fabricated with a polyimide film as a dielectric layer in a
DBD, where two electrodes were formulated on each surface. Protection from electrical hazard was
ensured because the high-voltage electrode was covered with an insulation layer, and the plasma was
generated on a ground electrode that was covered with medical gauze facing the skin. A distinctive
feature of the proposed plasma pad was the containment of the plasma in the gauze space, even when
the pad was attached to human skin. During operation at approximately 1 kV, stability and safety
were ensured, as electrical and thermal damage to the skin and aerial ozone or thermal heat could be
readily reduced through power modulation.

From in vitro and in vivo biocompatibility tests, the potential of the plasma pad for biomedical
applications was confirmed, with no cytotoxicity for normal cells and no irritation of mouse skin.
Skin wound healing with hair growth was also observed after in vivo plasma treatment. Moreover,
the activity of the plasma pad against two bacteria present in normal or damaged skin, including
MRSA, was demonstrated.

Future research will be conducted to confirm the actual treatment effect of plasma in the form of a
patch, bandage, socks, and cap.
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