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ABSTRACT

A novel coaxial surface dielectric barrier discharge (SDBD) non-thermal atmospheric pressure plasma device, driven by a 35.7-kHz DC pulse
and adjustable by a pulse-width modulation, was developed in this study and preliminarily tested for its killing effects of a cancer cell type.
This study was divided into three phases, namely, air phase, liquid phase, and cell phase. First, the electrical characteristics and emissions
were examined. Two-beam UV-LED absorption spectroscopy was also newly developed to measure the absolute hydroxyl radical (OH’)
density in the filamentary discharge. Then, the effects of energy doses and treatment durations on three types of liquids and on the colorectal
adenocarcinoma cell, SW620, were examined. From Lissajous figures (Q-V plot), the developed SDBD possesses the maximum power density
and energy dose of 0.33 + 0.05 W/cm? and 19.5 + 3.00 J/cm?, respectively, when the voltage was set at 3.44 kV and the power at 115 mW. From
two-beam UV-LED absorption spectroscopy results, the OH" density increased by 0.32, 0.58, and 0.86 x 10'* m™, with operational powers
of 29, 58, and 115 mW, respectively, within 1-min treatment. In liquid phases, the plasma device can increase the concentrations of H,O,
and NO,™ in a time-dependent manner. Finally, cell-phase studies, including the examination of the cell morphology, cell viability, and gene
expression of the SW620 cell, show that the device can time-dependently induce the mortality of the SW620 cell, relevant to the up-regulation
of the Bax/Bcl-2 expression ratio. Taken together, this novel SDBD plasma device shows potential as another alternative for cancer treatment,
although further modification is required.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0053501

I. INTRODUCTION

The top three cancers that lead to death worldwide are lung,
prostate, and colorectal." Selective killing of cancer cells is currently
the most important cancer therapy.'” Traditional methods used
in colorectal cancer treatment include radiotherapy, chemother-
apy, and surgery.” However, all these techniques have certain draw-
backs. For example, chemotherapy drugs are toxic and kill normal
cells while inducing defects, such as tiredness, shortness of breath,
bleeding, and infections.” Radiotherapy includes an extremely

condensed beam of radiation that attacks normal cells, and surgery
can only treat a local tumor.*” Over the past decade, the potential of
non-thermal atmospheric pressure plasmas (NTAPs) has been seen
in various biomedical applications, including disinfection, wound
treatment, controlling the formation of blood clots, cancer ther-
apy, and skin problems.®* NTAPs have physical applications of
electromagnetic, ultraviolet (UV), and heat energies.'* Reactive oxy-
gen and nitrogen species (RONS) have important radicals in the
gas phase of NTAPs, such as hydroxyl (OH),"*"'® singlet oxygen
(10y),15 Y superoxide (O,7)," hydrogen peroxide (H,0,),'° nitric
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oxide (NO),'”!* nitrogen dioxide (NO,),'* and nitrogen. OH' is one
of the most important radicals in NTAP discharge and is the main
component to form H,O,, which is, on its own, considered to be an
active molecule in biology.'*-**

A new research field within plasma medicine is the plasma acti-
vation of liquids.”” Some recent literature has illustrated the use of
dielectric barrier discharges (DBDs) as ignited in closed systems with
the counter electrode immersed in the liquid.”° Furthermore, DBD
plasma can generate precise target areas with filamentary discharges
in front of the DBD surface.”*** These filamentous discharges pro-
vide a large amount of RONS products within a limited area and
without the use of any gas flow.”” There are demands for a system
that can create surface dielectric barrier discharge (SDBD) plasma
using small electrodes.”**

Reactive nitrogen species (RNS) are molecules that play a key
role in the promotion of apoptotic cancer cell death.’’ Short-lived
molecules, such as NO, can react with complex biological sur-
roundings, such as cell culture media, and swiftly oxidize to nitrite
(NO7) and nitrate (NO3 ™) after their rapid diffusion into the lig-
uid media.’"** It has been known from previous studies that nitrite
(NO;7) can play curatively and most likely an intracellular role
for NO.*! Likewise, the cellular production of the reactive oxygen
species (ROS) O,~ and H,O, promotes the formation of other rad-
icals, such as OH and ONOO™, which induce oxidative stress and
may play a critical role in oncogenesis.*

This work develops an SDBD device and characterizes its elec-
trical properties and optical emissions in order to use it as a tool

scitation.org/journal/adv

Il. METHODOLOGY

A. Fabrication and experimental setup
of the SDBD plasma device

The experimental setup comprised of a discharge part, power
supply, and a measurement system, as shown in Fig. 1(a). The fil-
amentary discharge was generated with the surrounding air under
ambient pressure. The coaxial copper rod (3 mm diameter) acted
as a high voltage electrode and was inserted into an insulator mate-
rial (ULTEM 1000) with a diameter of 6 mm. The dielectric barrier
of the SDBD device was a 0.5-mm thick macro-machinable glass-
ceramic on the closed side. The electrode system was powered with
a kHz-DC pulse-width modulation. The voltage probe was placed
between the stainless mesh ground electrode and the ground as a
diagnostic to measure the power dissipation and image the profiles
using the Lissajous figure method (Q-V plots). The discharge/charge
was determined from the voltage across the 1 yF capacitor, which
was measured using an HV probe (Tektronix, P6015A, 75 MHz).
The Lissajous figure (Q-V plots) is derived from two channels. The
first one is a high voltage probe (4 kV), and the other is the 0.1 yF
capacitor (Cprobe) used to determine the voltage decrease (Vprobe).
The instantaneous charge Q is given by Q = (Cpyrobe). The average
power consumption was evaluated as Q- AV over the entire period
T, which was obtained from the number of data splits (N) based on
the discharge duration At. The dissipated power (E), power (P), and
energy dose are expressed as follows:

1

N
to generate an effective amount of RONS. Additionally, two-beam E= NZMQAV, (1)
UV-LED absorption spectroscopy is developed to provide the accu-
racy in measuring the absolute OH" density. The RONS complexity _ 1 Q-AV @)
of solutions treated with SDBD plasma is then examined. Finally, N2At ’
the biological effects of the treatment of SDBD plasma on SW620
are investigated, .i.e., changes in the cell morphology, cell viability, Energy dose - ( Pt )] Jem?. 3)
and gene expression. Area
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FIG. 1. (a) Schematic diagram of the experimental setup showing the plasma system operated by the DC pulse and (b) an illustration of the ignited SDBD plasma head on

the cancer cell specimens.
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Next, the configuration of the plasma source treatment for can-
cer cells in a cell culture medium is shown in Fig. 1(b). The media
height was set as 2 mm from the bottom of the Petri dish, and the
distance between the plasma device and the top of the media surface
was set as ~10 mm as the optimal condition for the plasma treatment
of the SDBD device.

B. Hydroxyl radical density measurements

The SDBD was always controlled in an ambient air environ-
ment under atmospheric pressures. The SDBD device was placed
along the y-axis (Fig. 2) and without surrounding objects to assure
the lowest interference from the airflow. To obtain the absorbance
A()) of the OH band (X*TI-AX2), the experimental requirement
is to evaluate the incident Io(1) and transmitted I7(A) spectral
intensities. Briefly, a beam from a light-emitting diode (LED) passes
through the absorbing plasma medium and is captured with a spec-
trograph equipped with a charge-coupled device (CCD) camera. The
above-mentioned parameters are calculated as follows:

Iy —Ip
I(Lpy—ref—Ip—re
T(A) = exp(-A(1)) = <=2 7=, (4)
I e f—IBG-ref

(M)
"”E(Iou) ) ®

Four spectra are needed to measure the transmittance as fol-
lows: (1) light source with plasma on the (Ir+p) intensities, (2) light
source only (Ir), (3) plasma emission only (Ip), and (4) background
signal (Ipg). The intensity values of the reference beam (I(zp).refs
Ip.refs Ipref> and Ipg.rer) provide reduced fluctuating signals in the
experimental setup. The primary result is the spectral transmittance,
T(A). The final forms of the expression according to Beer-Lambert’s
law are given by Eq. (5), where # is the density, o is the absorb-
ing cross-sectional area of OH" and is ~1.2 x 107'° cm?,** and L is
the SDBD plasma spatial depth at 6 mm. The two-beam UV-LED
absorption setup is in the Mach-Zehnder configuration, as shown
in Fig. 2. The UV-LED light source (DUV310-HL5NR) has a spec-
trum with a center wavelength of A = 310 nm and a full width at
half-maximum (FWHM) of AA = 15 nm.”* This source is driven by

Power source

W BS!
Mi @__ NS A UV-LED
U —
/ A
4 /
g ,
/ /
\'jl

03 ';"} !/
Czerny-Turner jme = == == ' ..... ..
spectrometer !
BSs2 L3 M2

FIG. 2. Diagram of the two-beam UV-LED absorption setup. The red dashed and
green solid lines represent the probe beam and the reference beam, respectively.

scitation.org/journal/adv

the controlled supply unit of the current/power (Thorlabs, LTC100)
and consumed ~40 mA.

C. H,0; and NO,~ concentration measurements

1 ml of deionized water (DI) water, phosphate buffer saline
(PBS), and Dulbecco’s Modified Eagle Medium (DMEM) culture
medium were treated for 12 min with plasma Lv. 3 and then mea-
sured for the concentration of H,O, and NO,™ using the spectro-
quant hydrogen peroxide test. Later, the DMEM culture medium
was plasma-treated for varying durations and measured for the con-
centrations of H,O; and NO, ™. The measurement protocol is to use
the hydrogen peroxide kit composed of reagents H,O,-1 and H,O;-
2. First, we prepared reagent H>O,-1 at 0.50 ml and pipetted it into a
test tube. Then, a sample of 8 ml was added with a pipette and mixed.
Finally, reagent H,O,-2 at 0.50 ml was added and mixed. After wait-
ing for 10 min, the sample was filled into a 10 mm quartz cuvette.
Theoretically, the formation of phenanthroline from the oxidation
reaction [copper (II) ions to copper (I) ions] was observed, which
results in the formation of an orange color that can be measured
photometrically at 445 nm.** Second, nitrite (NO,~) was detected
using the Griess assay (Spectroquant, Merck Millipore, USA). The
measurement protocol includes taking the nitrite kit composed of
reagent NO,-1 and sulfanilic acid. First, we prepared a sample of
5 ml and pipetted it into a test tube. Then, the sulfanilic acid solution
was added with a pipette and mixed. Finally, one level blue micro-
spoon of reagent N,O-1 (in the cap of the NO;-2 bottle) was added
and mixed. After 10 min, the sample was filled into the 10 mm quartz
cuvette. Theoretically, N-(1-naphtyl)-ethylenediamine dihydrochlo-
ride (red-violet color) derived from nitrite in the acid solution reacts
with sulfanilic acid to form a diazonium salt that can be measured at
525 nm.’® The samples were analyzed within 12 min of plasma expo-
sure. All tests were performed with an UV-vis spectrophotometer
(Spectroquant Pharo 100).

D. Cell culture and plasma treatment

Human colorectal cancer epithelial cells, SW620, as derived
from lymph node metastasis were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) with a high glucose level and supplemented
with 10% Fetal Bovine Serum (FBS, Thermo Fisher Scientific, USA)
and 1X Antibiotic-Antimycotic solution (Thermo Fisher Scientific,
USA) in a humidified atmosphere containing 5% CO, at 37°C.
Before the experiments, the cells were removed and 1.2 x 10° cells
were seeded into six-well plates and incubated for 24 h at 37 °C. The
cells were then washed with phosphate-buffered saline (PBS), and
650 yl of fresh culture medium was added to the cells. The cells were
treated at varying times of 0 (untreated), 3, 6, 9, and 12 min with
plasma Lv. 3.

E. Cell viability measurements using MTT assay

To evaluate the cell viability caused by the SDBD plasma, the
activity of mitochondrial enzymes was measured using an MTT
assay  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide]. The SW620 cells were then cultured in six-well plates and
incubated at 37 °C. Then, serum-free fresh media were replaced
with 1 ml of the old removed media. The cells were finally exposed
to plasma treatment under various conditions.

AIP Advances 11, 075222 (2021); doi: 10.1063/5.0053501
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TABLE . Primer sequences for RT-PCR.
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Genes Forward primer [5'-3'] Reverse primer [5'-3']

18S rRNA AACGAGACTCTGGCATGCTAACTA CGCCACTTGTCCCTCTAAGAA
Caspase8 TTGAACCCAAGAGGTCAAGG ACGGGGTCTTGTTCTGTCAC

Bax AACATGGAGCTGCAGAGGAT CAGTTGAAGTTGCCGTCAGA

Bcl-2 CGGAGGCTGGGATGCCTTTG TTTGGGGCAGGCATGTTGAC

After the plasma-treated media cells at 200 ul were transferred
to a 96-well plate for the examination using the MTT assay, they
were further incubated for 24 h, and 50 ul of MTT solution in the
DMEM (ratio, 1:4) was added into each well. The solution was then
further incubated for 4 h at 37°C, and the media were removed.
Then, 150 pl of dimethyl sulfoxide (DMSO) was added, mixed, and
incubated for 10 min. Finally, the 96-well plate with the solution was
measured for absorbance at 570 nm using a microplate reader (Rayto
RT-2100C, USA).

F. mRNA expression by semi-quantitative
reverse-transcription PCR (RT-PCR)

To measure the mRNA levels, the cells were extracted for the
total RNA using the PureLink RNA Mini kit (Thermo Fisher Sci-
entific, USA). The extracted RNA was then reverse-transcribed into
cDNA using the Tetro cDNA synthesis kit (Bioline, UK). The cDNA
was amplified for 40 cycles using specific primers (Table ). The
relative mRNA expression level was determined using the 27¢7
method and standardized to the reference gene of 18s ribosomal
RN A.B(ﬁ?

G. Statistical analysis

Data obtained from the experiments on the three replicated
samples were presented as mean + standard deviation (SD). The
one-factor analysis of variance (ANOVA) was used as a tool to
determine different statistics between untreated and treated groups
assuming a normal distribution of data. This was followed by
Tukey’s honestly significant difference (HSD) post hoc test. Dif-
ferences were considered statistically significant at “p < 0.05,
**p<0.01,and ***p < 0.001.

lll. RESULTS

A. Electrical properties and OES
measurements of plasma

After the development of surface dielectric barrier discharge
(SDBD), the power and electrical properties of plasma were eval-
uated with an oscilloscope, which were obtained from the area of
the Lissajous figure in Fig. 3. The discharge powers were calculated
using Eq. (1). An increase in the plasma level significantly affected
the electrical parameters of SDBD, which led to a marked increase in
the area of the Lissajous figure.

When applying a high voltage of 3.44 kV at a frequency of
35.7 kHz, the plasma can operate at power Lvs. 1-3, which range
from 42 to 115 mW. Moreover, the power density and energy dose
were evaluated using Eqs. (2) and (3), as shown in Table II. The
results show that the power density and energy dose of the SDBD

increase with the DC boost converter rate to the SDBD, which
reached maxima at 0.33 W/cm® and 19.5 J/cm® respectively.

The emission spectra in the range of 200-800 nm were recorded
by optical emission spectroscopy (OES). This allowed estimat-
ing the gas temperature when changing plasma parameters. The
setup of the optical emission probe was placed at an angle of
45° with a gap of 5 mm from the plasma discharge. The opti-
cal emission spectra indicated the characteristic element spectra,
such as NO (220-280 nm), OH" (308.1 nm), N, (306-380 nm),
and N,* (391-470 nm), as shown in Fig. 4(a). The transition N,
(C-B) at 334.27 nm and N, (B-X) at 406.24 nm were observed
between the wavelengths of 300 and 450 nm. The dominant inten-
sities of plasma Lv. 3 were 22783 a.u., 13748 a.u., and 6579 a.u.
for N, (C-B), OH, and N, " (B-X), respectively. The gas tempera-
ture is the significant parameter to inspect to confirm the heat effect

0.08 A —T—t—1
Level 3

0.06 - Level 2 -
0.04 4
(.02

(100 ~

Charge (pC)

0,02+

-0.04 4

-0.06

-(L08 -

Voltage (kV)

FIG. 3. The C-V characteristic displayed as the Lissajous figure for different
plasma-dissipated levels.

TABLE II. The electrical parameters of the power density and energy dose for
different plasma levels.

AIP Advances 11, 075222 (2021); doi: 10.1063/5.0053501
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Condition Power density (W/ cm?) Energy dose (J/ cm?)
Lv.1 0.12 + 0.02 72+1.2
Lv.2 0.17 £ 0.04 153 +24
Lv.3 0.33 £ 0.05 19.5+3.0
11, 075222-4


https://scitation.org/journal/adv

AIP Advances ARTICLE

A

25000 | N,C-B (2" positive band)

20000 —
3
- ]
oy
T 15000+
=
2
£ 1 oH@)X

10000 - N B-X (1" negative band)

NO (A-X)
5000 ) ‘ |
| l'|

Wavelength (nm)

scitation.org/journal/adv

B

12000
N3 (0-0) band head
10000 -
';:- 8000 = N; (B-X) rotational band
g (0-2)
F 6000~
=
3
=

4000 +

2000

il .+um

365 370 375 380 385 390
Wavelength (nm)

FIG. 4. (a) The optical emission spectra of the SDBD plasma and (b) the emission spectra of the N, second positive system (C°IT-B® I1g) between the wavelengths of 360

and 400 nm as ignited at plasma Lv. 3.

of the SDBD device, which was then transferred to the culture media.
To obtain the gas temperature, the important parameter was the
rotational-vibrational band emission at 391.4 nm.

In this study, the emission spectra of the N, second posi-
tive band in the transitions of (2-4), (1-3), (0-2), and (0-0) were
detected with an AvaSpec-ULS3648 high-resolution spectrometer at
a resolution of 0.05 nm and a measured spectrum ranging from 330
to 400 nm, as shown in Fig. 4(b). The rotational band temperature
was determined based on Eq. (6) with the left-hand side terms plot-
ted against j/ (j' + 1). The slope of the curve on the right-hand side
term yields the rotational temperature,*®

" B'vhe ,,,
lnj’+j”+1 =—KBT](] +1)+1n C. (6)

There are seven parameters needed to estimate the gas tem-
perature: (1) the intensity of the transition for the rotational level
(I°™), (2) and (3) the rotational quantum numbers of the upper and
lower electronic states (j' and j”'), (4) the speed of light in vacuum
(C), (5) the statistical weight of the upper level (B'v), (6) Planck’s
constant (hc), and (7) Boltzmann’s constant (Kp). To determine the
gas temperature, the rotational band of N,* was used for plasma
discharge at ambient pressure, where nitrogen molecules exchange
rotational energy quicker with heavy particles than with electrons.
Consequently, T can be considered as an estimate of the gas tem-
perature, T'g. The rotational temperature was around 345 K from a
linear fit of plasma Lv. 3, as shown in Fig. 5.77*

B. Hydroxyl radical density

The important species that appear between the plasma and
water surface are hydroxyl radicals (OH"). The spectra of the probe
beam (ROI 1) and reference beam (ROI 2) were resolved under
plasma Lv. 3 by a 1-min operation, as seen in Fig. 6. We measured

the transmission ratio (I/Io) of the two-beam UV as caused by OH’,
which provided four intensities, namely, Ir+p, Ip, I, and Ipg, as
shown in Fig. 7(a). It is noted that the UV transmission I can be
obtained by comparing the emission profiles from the intensities of
the plasma and LED (I1+p) with that of the plasma (Ip).

The reference LED (I1.) is shown in the lower line (blue), while
the background is represented in the bottom line (pink). The emis-
sion profiles of Irp and Ip appear strongly around 308-309 nm,
which indicates that OH' generation occurred. Figure 7(b) shows
the hydroxyl radical density vs power plot with a time duration of
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FIG. 5. Linear fit of the rotational temperature using the spectral intensity at plasma
Lv. 3.
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1 min. The results indicate that the OH" density increased by 0.32,
0.58, and 0.86 x 10'° m~>, with operational powers of 29, 58, and

115 mW, respectively.

C. Chemical analysis of the solutions

To study the effects of plasma irradiation on the chem-
ical composition of different solutions, deionized water (DI),

A

phosphate-buffered saline (PBS), and Dulbecco’s Modified Eagle
Medium (DMEM) were treated with plasma at varying durations
and measured to determine the concentrations of H,O, and NO,™~
using a photometric assay. The graph in Fig. 8(a) shows the concen-
trations of 1.23, 1.37, and 5.17 mg/1 for H,O; and 0.01, 0.04, and
0.72 mg/l for NO,™ in DI, PBS, and DMEM, respectively. It was
found that the H,O; and NO,™~ concentrations in the DMEM were
significantly higher than in DI and PBS. Next, the effects of the
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FIG. 8. (a) Concentrations of NO,~ and H,0, as obtained from three different SDBD-treated liquids (DI water, PBS, and DMEM culture medium) after 12-min plasma Lv. 3
treatment and (b) concentrations of H,0, and NO,~ in the DMEM culture medium after SDBD plasma Lv. 3 treatment for varying times. Data are presented as mean + SD
(***p < 0.001, **p < 0.01, and *p < 0.05).
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FIG. 9. (a) The morphology of colorectal adenocarcinoma SW620 cells before and after plasma treatment for varying durations. Images were taken at 100x magnification.
(b) Relative SW620 cell viability after exposure to SDBD plasma Lv. 3 for indicated times. Data were from three different experiments and are shown as mean + SD
(***p <0.001,**p < 0.01, and *p < 0.05).
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plasma on the DMEM were examined, as shown in Fig. 8(b). The
H>0, and NO,~ concentrations increased significantly with the
treatment duration (p < 0.05 and p < 0.001, respectively).

D. Effects of SDBD plasma on the cell morphology
and viability of colorectal adenocarcinoma
epithelial cells

The effects of the treatment duration on the cell morphology
of the cancerous colorectal adenocarcinoma cell line SW620 were
examined. The cells were treated with SDBD plasma for 6-12 min
with a plasma energy set to Lv. 3. After post-treatment incubation
for 24 h, the SW620 cells were observed under an inverted micro-
scope at 100x magnification, as shown in Fig. 9(a). After treatment
for 6 min, the cells began to show noticeable detachment compared
to untreated samples. The 9- and 12-min treatments caused the cells
to severely detach and shrink. In addition, the cell viability was mea-
sured using the MTT assay. The results show that the viability of
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SW620 cells decreased by ~5%, 28%, 47%, 78%, and 79% after 3, 6,
9-, 12-, and 15-min treatments, respectively.

E. mRNA expression of apoptosis-related genes

The effects of the plasma treatment on the intracellular gene
expression of cell-death-related molecules were investigated. The
SW620 cells covered in a thin layer of the complete DMEM medium
were exposed to the plasma Lv. 3 for varying durations and incu-
bated for 24 h. After the post-treatment incubation, the mRNA lev-
els of the genes of interest were measured using semi-quantitative
reverse-transcription polymerase chain reaction (PCR) (RT-PCR).
The results shown in Fig. 10(a) indicate that the SW620 cells exposed
to plasma for 12 min showed high expression levels of the Bax gene
and slightly increased levels of the Caspase 8 expression, whereas the
expression of Caspase 8 genes did not significantly increase after 6-
or 9 min-treatment compared to the untreated samples. To deter-
mine the cell susceptibility to apoptosis, the Bcl-2 and Bax ratios
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FIG. 10. SW620 cells exposed to SDBD plasma Lv. 3 for varying time durations. The mRNA levels of Bax (a), Bcl-2 (b), and Caspase 8 (c) genes are shown, and (d) ratios
between the expression of Bax and Bcl-2 genes were calculated, relative to the control and normalized with a reference gene. Data were from three different experiments

and are shown as mean + SD (* *p < 0.01 and *p < 0.05).
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were observed under plasma Lv. 3 and at varying treatment dura-
tions. The results shown in Fig. 10(b) indicate that the Bax/Bci-2
ratio expression resulted in 1.7-fold, 1.93-fold, and 2.2-fold increases
after 6-, 9-, and 12-min treatments, respectively.

IV. DISCUSSION

This study characterized the newly developed SDBD plasma
device and its optimal condition for operation. This device con-
sists of two important electrodes: the glass-ceramic electrode and the
ground electrode. The former is a dielectric-protected powered elec-
trode, while the latter is a mesh of stainless steel. The principle of
operation of the SDBD device was recently discussed in detail.** It is
noteworthy that the SDBD device is a perfectly integrated electrical
circuit and is thus non-damaging for biomedical applications.*>**

The effects of the plasma device on both chemical and bio-
logical substances are usually relevant to the energy dose gener-
ated. According to Kalghatgi et al,'* the DBD plasma treatment,
with an energy dose higher than 15 J/cm?, can induce 40% cell
death in melanoma cancer cells. This is in accordance with our
SDBD device, where, at Lv. 3, it produced an energy dose of
~19.5J/cm? and induced more than 40% mortality after 9-min treat-
ment. In Table ITI, the effects of cancer cell death induction by other
SDBD devices with different plasma systems are also compared.**’
For example, enhancing the NTAP with the temozolomide (TMZ)
drug can decrease glioblastoma cancer cells (U87MG) by 40%.*
Next, the enhanced anti-melanoma effect was achieved using the
NTAP with the anti-FAK antibody conjugated gold nanoparticles
to treat melanoma cancer cells, which can reduce melanoma cells
by 74%.%

scitation.org/journal/adv

configuration, the distance between the plasma head and the top of
the media surface was set as 10 mm as the optimal condition. From a
previous study, the diffusion coefficient of OH" at atmospheric pres-
sures in ambient air was ~165 + 20 Torr cm® s™" at 293 K.*" Addi-
tionally, short-lived molecules, such as NO, can diffuse into cultured
media at 298 K, and their diffusion coefficient of was found to be
221+0.04x 107 cm®s™'7!

Typically, the plasma dose influences the RONS production.
For example, a plasma dose of 3.9 J/cm® can produce a RONS
amount of ~2 x 10" cm™, as reported by Sensenig et al.”* The
SDBD can produce various RONS species in the gas phase. In par-
ticular, NOy radicals are generated due to the ambient nitrogen gas
at ~78%, and the presence of OH' is due to natural water vapor in
the ambient air environment. The OH' density at plasma Lv. 3 is
~8.5 x 10" m™ as obtained by two-beam UV-LED absorption spec-
troscopy [Fig. 7(b)]. It is noted that this value of the OH" density
is lower by two orders of magnitude compared with the plasma jet
technique.”

On the other hand, this value is in relative agreement with
the value of 2-7 x 10' m™ reported by Martini et al.’® at low
water molecule contents less than 1% in the employed gas mix-
ture of Ar/O; using the DBD technique. In general, OH' in the gas
phase can diffuse into the liquid phase, which can be transformed
into H,O; and is considered the most important RONS that con-
tributes to plasma damage to cancer cells. The short-lived species,
such as OH’, can be transformed into H,O, (long-living species) in
the liquid phase via recombination reactions. As shown in a previous
study, the presence of H,O; in the liquid phase of ~70% is produced
by indirect plasma processes.”* The H,O, reactions are generated
using the following equations:™

© Author(s) 2021

This mortality of cancer cells is reported to be mainly related e+H,0 > H,0  +e+e, (7)
to the density of hydroxyl radicals; thus, we developed the two-
beam UV-absorption spectroscopy system to measure the absolute
density of hydroxyl radicals in the gas phase. Then, the former H,O" + H,O - H;0" + OH, (8)
densities were compared to the concentrations of hydroxyl radicals
measured from the plasma-treated solutions as a way to describe
the generation of radicals in the liquid phase. In the experimental e+H,O - OH +H+e, 9)
TABLE lIl. Comparison of the different non-thermal plasma techniques in cancer therapy.
Electrical Treatment % Induced
Method of treatment Cell types parameter time (min)  mortality (%)
Plasma with temozolomide (TMZ)*° Glioblastoma cells 0.6 J/cm* in 60 s 3 75
Plasma jet , (US7MG)
technique Plasma jet*i‘ Human lung (A549) 2.54 GHz, 5-8 W 3 70
Plasma jet* Human breast cancer 2-5kV, 30 kHz 2 75
cell line (MDA-MB-231)
Floating dielectric barrier discharge Melanoma cell 60 J/cm® in 60 s 4 80
(FDBD)"
Dielectric barrier ~ Dielectric barrier discharge with the Melanoma cell 5kV, 22 kHz 1 74
discharge anti-FAK antibody-conjugated gold
nanoparticles (DBD + FAK-GNP)*
Surface dielectric barrier discharge Colorectal cancer cell 19.5J/cm?® in 60 s 12 78
(SDBD)
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OH +OH +M - H,0, + M. (10)

The SDBD treatment with plasma Lv. 3 on DI water, PBS,
and DMEM culture medium was performed to induce changes
in the RONS concentrations within different liquids and differ-
ent treatment durations. The results shown in Fig. 8(b) indicate
that the NO,~ concentrations in SDBD-treated DI water, PBS, and
DMEM increase with the treatment duration. A large amount of
NO can be generated in the gas phase after discharge in ambient
air. For example, NO, ™ can be generated as NO using the following
equations:**”’

N; +e = 2N +e, (11)
N+0O, >NO+O, (12)
4NO + O, + 2H,0 - 4NO, ™ +4H". (13)

From our results, it is significant that the concentrations of
hydrogen peroxide and nitrite were higher in the DMEM, and this
might be due to its components, which contain 36 items, including
amino acids, inorganic salts, and vitamins. On the other hand, PBS
containing disodium hydrogen phosphate and sodium chloride can
adjust the constant pH and affect the hydrogen peroxide concentra-
tion.”® This might be the reason why the concentration of hydrogen
peroxide induced by the plasma in the DMEM was greater than in
PBS solution. The amino acid in the DMEM solution may also react
with plasma to produce NO, ™.

However, whether this SDBD plasma can be effectively used in
physiological conditions is an underlying question and needs to be
further investigated. Cysteine, one of the amino acids found abun-
dantly in both human blood plasma and DMEM, was reported to
consume most of the active species and almost completely elimi-
nate the anti-tumor capacity of the NTAP-treated DMEM on U87
cells.” Although this contradicts our findings that the SDBD-treated
DMEM could maintain the generated active species and result in the
induction of cell death, we still do not have a concrete evidence to
support the idea of its functioning in physiological conditions. Nev-
ertheless, we commit ourselves to further study the effects of this
SDBD plasma in physiological conditions.

SW620, a cancerous colorectal adenocarcinoma cell line, was
chosen as a model for this study due to its rapid proliferation and
strong adhesion.®” We examined the effects of SDBD plasma on cell
mortality by first considering the cell morphology and cell detach-
ment, which can be counted as primary indicators of cell injury. By
this, we confirmed that the plasma Lv. 3 treatment for a duration of
12 min could damage SW620 morphologically. The results of mito-
chondrial activity using MTT assay also confirmed the cell mortality
induced by SDBD plasma.

Despite this, the question of the selectivity capability for can-
cer killing is still the point of interest for this application. Prelim-
inarily, a keratinocyte cell line, HaCaT, was used as a represen-
tative of non-cancerous cells to study the selective killing effects
of SDBD plasma. Although this cell type is not a good compari-
son for the colorectal cell and we did not include these results in
the main text, the results could still provide us some helpful direc-
tion. From Fig. S1, where SW620 and HaCaT cells were plasma-
treated for varying durations and observed under a microscope, it is

scitation.org/journal/adv

evident that HaCaT cells could maintain its morphology and attach-
ment better than SW620 cells after receiving plasma treatment for
the same period of time. As after 9-min treatment, the time when
both cell types started to detach and shrink, more than ~60% of
SW620 cells were affected, while less than ~40% of HaCaT cells were
affected. After 12-min treatment, more than 90% of SW620 cells
were shrunk or detached, while HaCaT cells showed the compa-
rable percentage of affected cells after being treated for 9 min. In
Fig. S2, the cell viability after plasma treatment was measured using
the MTT assay. After 6-min treatment, SW620 cells started to show
higher mortality than HaCaT cells, and the trend was even more
noticeable after 9- and 12-min plasma treatment. These results ini-
tially support the concept of selective-killing capability of the novel
SDBD device, although thorough studies are mandatory to verify its
selectivity capability.

There are theories explaining how plasma treatment results in
the mortality of cells. Other than generated UV and electromag-
netic fields, it was proposed that high concentrations of NO,~ and
H,0; could damage DNA via indirect chain induction’ ¢! by
plasma. Second, H>O, and NO,~ can also transform into peroxyni-
trite (H,O, + 2NO™ = 2HNOO™),"*> which is a radical capable
of causing cancer cells to undergo apoptosis,®* which is in accor-
dance with our results on the increased concentrations of H,O,
and NO, ™.

There were also reports speculating the involvement of plasma
treatment and the induction of intrinsic and extrinsic apoptosis.®’
Caspase 8 is a cysteine aspartic acid protease, which plays an impor-
tant role in extrinsic signaling pathways involving death receptors.'®
Bax is a Bcl-2 family protein that is related to the intrinsic sig-
naling pathway of mitochondria membranes in pro-apoptosis pro-
cesses. Bax overexpression can be induced by chemotherapeutic
agents.**® The Bcl-2 proteins are the primary regulators of the
intrinsic apoptotic pathway.®® From our results, it is clear that the
intrinsic pathway of apoptosis is induced earlier than the extrin-
sic pathway and the escalation of the Bax/Bcl-2 ratio, representing
the apoptosis tendency, is time-dependent, fitting with the accumu-
lated concentrations of hydrogen peroxide and nitrite. This is in
agreement with Hawkins’ report,®® which demonstrated that SDBD
plasma induces apoptosis by shifting the ratios between Bax and
Bcl-2.

Taken together, the developed SDBD plasma device showed
potential as a generator of radicals capable of inducing the death of
colorectal adenocarcinoma SW620 cells, possibly through the intrin-
sic pathway of apoptosis. However, whether the device can equiva-
lently function in the physiological conditions is still unclear, and
thus, the device is needed to be further tested on either animal’s or
human’s plasma or serum prior to the in vivo experiment.

SUPPLEMENTARY MATERIAL

See the supplementary material for the effects of the SDBD
plasma on HaCaT cells as a model of plasma’s effects on a non-
cancerous cell type.
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