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ABSTRACT: Cold atmospheric pressure plasma (CAPP) has been proposed as a novel method
for anticancer therapy. This field gained much interest in the last decade, with biological ap-
plications such as wound healing, bacterial sterilization, and cancer treatment. However, the
mechanism at the basis of plasma-cell interaction remains unclear. Here, we studied the effect
of helium (He) gas CAPP on oral squamous cell carcinoma (OSCC) in vitro. CAPP treatment
was performed under different treatment time conditions: 1, 3, and 5 min. Results showed that
CAPP treatment induces cell death in OSCC cells in a dose-dependent manner. He-CAPP also
induces cell death and G1 cell cycle arrest associated with the ATM/P53 pathway. Furthermore,
CAPP activates the mitochondria-mediated apoptosis pathway by enhancing Bax expression and
of the Bel-2 protein suppression. Hydrogen peroxide (H,O,) generation increased immediately
after He plasma treatment but reached basal level after 3 h. Further studies showed that CAPP
increases intracellular ROS and RNS and reverts after a long period of plasma treatment. Taken
together, these results indicated that He-CAPP induces cell death and cell cycle arrest and acti-
vates mitochondria-mediated apoptosis by increasing intracellular reactive oxygen and nitrogen
species (ROS and RNS) in OSCC cells. Our study provides deep understanding of He-CAPP’s
effect on OSCC cells. We suggest that CAPP could be a potential therapeutic and clinical research
tool for oral cancer treatment.

KEY WORDS: cell culture, cold atmospheric plasma, oral squamous cell carcinoma (OSCC),
ROS, RNS

I. INTRODUCTION

Plasma is an ionized gas consisting of electrons, ions, neutral atoms, reactive oxygen/
nitrogen species (ROS/RNS), four forms of electromagnetic radiation [infrared, visible,
and ultraviolet (UV) light].! Over the past decade plasma research gained great interest
among researchers due to progress in plasma medicine and plasma physics.> Plasma is
categorized as thermal (hot) or nonthermal (cold) at near room temperature (less than
40°). Cold atmospheric pressure plasma (CAPP) is widely used in many biological and
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medical applications, it is easy to operate and nonhazardous, has high reactive effi-
ciency, and is easy, fast, and cost-efficient. CAPP products can be controlled by adjust-
ing plasma density, composition, and temperature. CAPP has been used for sterilization
of medical equipment,** wound healing,>® dental care,’ cancer treatment,'*'* and other
medical applications, wastewater treatment,'* food safety management,'> and agricul-
tural production.'® CAPP has garnered much interest as a cancer treatment option.

Reactive oxygen species are constantly produced in biological systems. It is known
that ROS can induce cell growth and proliferation as well as cell death.'” Recently
plasma-generated free radicals ROS and RNS were identified, including hydroxyl (OH"),
singlet oxygen ('0,), ozone (O,), superoxide anion (O,), H,O, and nitric oxide (NO),
and nitrogen dioxide (NO,).""** Plasma-generated ROS and RNS play dominant roles
in anticancer therapy. According to current knowledge, plasma’s effects on biological
systems are mainly caused by reactive oxygen and nitrogen species (ROS/RNS) via two
mechanism: (1) alterations in intracellular redox state and (2) oxidative modifications of
proteins involved in signaling pathways.?" > Many studies showed that CAPP induces
cell death in various cancer cell lines by promoting ROS generation, mitochondrial dys-
function, DNA damage, and activation of protein pathways.?*?¢ CAPP treatment is a
multifaceted process that includes treatment time, voltage, gas composition, and gas
flow rate. The most used gases are helium, argon, argon mixed with a small amount of
oxygen, water vapor, nitrogen, and air, but other process gases have been used. In this
study, we used helium as a feeding gas because it produces a stable, homogenous, and
uniform discharge at atmospheric pressure and operates without a dielectric cover over
the electrode, yet it is free from filaments, streamers, and arcing.?’” The aim of this study
was to investigate the effect of different plasma treatment times and evaluate the effect
of He gas plasma on oral squamous cells.

Oral squamous cell carcinoma (OSCC) is one of the most common head and neck
cancer (HNCs), accounting for ~ 3% of all cancer cases worldwide.” In general, surgery,
radiation, and adjuvant chemoradiation are used to treat early or late stages of OSCC, but
the long-term overall survival rate has remained unchanged over the past decade. Novel
therapeutic methods are required to treat OSCC to increase long-term survival. CAPP
might be one of these. Previous studies revealed that CAPP induces apoptosis by DNA
damage, the ataxia telangiectasia mutated (ATM)/P53 signaling pathway,’* and epidermal
growth factor receptor (EGFR) dysfunction in OSCC.?” Many studies have shown that
plasma-generated RONS play a role in oxidative damage, activating cell-signaling path-
ways. It is necessary to understand the CAPP-generated free-radical effect on OSCC. To
our knowledge, this is the first study on the CAPP-induced RONS effect on OSCC.

Il. MATERIALS AND METHODS

A. Reagents and Antibodies

We used Dulbecco’s Modified Eagle medium (DMEM) (Hyclone/GE Healthcare), fetal
bovine serum (FBS) (Hyclone), penicillin-streptomycin (Gibco), 3-(4,5-dimethylthiazol-
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2-yl)-2,5-diphenyltetrazolium bromide assay (MTT) (Sigma), 2',7'-dichlorofluorescein
diacetate (DCFH-DA) (Cayman Chemical), 4-amino-5-methylamino-29,79-difluoro-
fluorescein diacetate (DAF-FM) (Cayman), and Fluorimetric Hydrogen peroxide kits
(Sigma). We used anti-ATM (cell signaling), anti-B-actin, anti-Bcl-2, anti-Bax (Santa
Cruz Biotechnology), anti-Parp, anti-P21 (Protein Tech), anti-P53 (Gene Tex), and
horseradish peroxidase- (HRP-) conjugated antirabbit or antimouse IgG antibodies
(Santa Cruz).

B. Cell Culture

Oral squamous cell carcinoma (SCC4) cells were purchased from American Type
Culture Collection (ATCC) and cultured in DMEM supplemented with 10% FBS and
1% (v/v) antibiotics (penicillin-streptomycin). The cells were maintained in an incuba-
tor at 37°C with 5% CO, in a humidified condition. Cells were grown to ~ 90% conflu-
ence for further studies.

C. CAPP Jet System

The CAPP jet had a dielectric barrier and quartz tube inner and outer diameters of 2 and
4 mm, respectively. Two electrodes were copper strips (grounded electrode 2.5 cm and
powered electrode 1.5 cm) wrapped around the quartz tube. The powered electrode was
2 mm from the nozzle end and the distance between the grounded and powered elec-
trodes was 1.5 cm. Helium was used as the feeder gas, and the flow rate was controlled
using a mass flow controller (MFC). Cold plasma operating parameters are shown in
Table 1. The RONS density in the He-CAPP (gas phase) was evaluated using optical
emission spectroscopy (OES).*

D. Cell Viability Assay

Cell viability was measured using MTT assay. Following plasma treatment (for 1-, 3-,
and 5-min), the cells (4 x 10%6-cm dish) were incubated for 24 h; 20-uL MTT was
added into each well and the cells were incubated for 2 h at 37°C. The supernatant

TABLE 1: Experimental He-CAPP parameters

Parameters Value
Helium gas flow rate (slm) 5
Voltage (kV) 7.5
Frequency (kHZ) 10
Quartz tube tip to medium surface distance (cm) 3
Treatment time (min) 1,3,5
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was removed and the formazon crystals were dissolved in isopropanol solution (iso-
propanol with 0.4% 10-N Hcl). The absorbance was read at 570 nm using a microplate
spectrophotometer.

E. Cell Cycle Analysis

The cells (4 x 10° cells/6-cm dish) were seeded and treated with plasma for 1-, 3-, and
5-min. Then they were incubated for 24 h at 37°C, washed and trypsinized with 1% trypsin-
EDTA, and harvested by centrifugation. They were washed twice with phosphate buffered
saline (PBS) and then fixed with ice-cold 70% ethanol and incubated at 40°C overnight.
After incubation, the cells were collected and washed with PBS, and the pellets were re-
suspended in 500 uL of propidium iodide (containing Rnase A, 20 ug/mL and 1% Triton);
then they were incubated in the dark for 30 min at room temperature. Cell cycles were
analyzed using a BD FACSAria instrument (BD Biosciences), calculated from 10,000
cells. The cell cycle percentage was analyzed by Mod Fit LT software (Becton Dickinson).

F. Western Blotting Analysis

Protein samples were extracted from CAPP-treated cells after 24 h incubation with RIPA
buffer (Bioman Scientific Taiwan) and protease cocktail (G Biosciences). Proteins were
quantified using bicinchoninic acid (BCA) assay (Thermo Scientific), then heated for
10 min at 100°C for denaturation. Thirty micrograms of total protein were loaded and
separated using 6%—12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and the molecular size marker (Thermo Scientific) was loaded on each
gel to estimate protein molecular weights. The proteins were transferred into Immobilon
PVDF membranes (Millipore). The membranes were blocked with 5% CCS in Tris-
buffered saline supplemented with 0.1% Tween-20 (TBST) at room temperature for 1
h. After blocking, the membranes were rinsed three times in TBST for 10 min and then
incubated with various primary antibodies at 4°C overnight. They were washed three
times before incubation with secondary antibodies. The secondary antibody horserad-
ish peroxidase was incubated for 1 h at room temperature. Then the membranes were
washed three times with TBST to remove excess antibodies and incubated with ECL
Plus reagent (Advansta) and scanned by chemiluminescence (Azure Biosystems, USA).

G. ROS and RNS Detection

Extracellular ROS H, 0, levels were determined using a Fluorimetric hydrogen perox-
ide assay kit (Sigma). Fluorescence intensity was determined at 540/590 nm using a
microplate reader according to the manufacturer’s protocol. H,O, concentration levels
were quantified based on an H O, standard curve. Intracellular ROS and NO species
were estimated using DCFH-DA and DAF-FM, respectively. To quantitate intracellu-
lar ROS and NO levels, after CAPP, the cells were treated with 5 uM of DCFH-DA
and 10 uM of DAF-FM diluted in DMEM (serum free) and incubated for 30 min at
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37°C. Fluorescence intensity was measured using the microplate reader at 485/535 nm
(DCFH-DA) and at 500/515 nm (DAF-FM).

H. Statistical Analysis

All experiments were performed in triplicates and the values expressed as mean + SD.
Statistical significance was determined using a ¢-test in Microsoft excel; a p value < 0.05
was considered statistically significant.

lll. RESULTS

A. He-CAPP Optical Emission Spectra

The He-CAPP device was designed and assembled in our lab. Figure 1 is a schematic
of our experimental setup, which consisted of two electrodes. To ignite the plasma
discharges, the applied plasma parameters were as shown in Table 1. To quantify the
plasma-generated particles and reactive species, optical emission spectroscopy (OES)
was employed for analysis. He-CAPP emission spectra in the 200-900-nm wavelength
were captured and are shown in Fig. 2. The OH radical was identified at a wavelength
0f 309 nm. Atomic oxygen (O I) at 777 and 844 nm and excited He at 667, 706, and 728
nm were observed. Additionally, peaks corresponding to the N2 second positive system
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FIG. 1: (A) Schematic of He-CAPP device. (B) Experimental setup and image of plasma jet and
induced plasma plume. (C) Schematic of experimental plasma irradiation on oral squamous cells.
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FIG. 2: Optical emission spectrum of He-CAPP (measured at He gas flow rate of 5 slm, 7.5 kv,
frequency 10 kHz), showing major reactive species

at 300-390 nm and the weak N2 first positive system at 610—710 nm were detected (Fig.
2).

B. CAPP Inhibits Cell Growth In Vitro

To verify the effect of He-CAPP on OSCC cells, we treated cells at 1, 3, and 5 min.
After plasma treatment, the cells were incubated for 24 h and cell viability was assayed
using MTT. Control samples were not treated with CAPP but with He only. We included
gas-only samples to analyze gas effects on cell viability. The effect of He-CAPP on
SCC cells is shown in Fig. 3. Results showed that He-CAPP significantly induced cell
death when compared with gas-only controls. He-CAPP effects on cell viability were
dose-dependent. Cell viability decreased less than 20% when compared with controls
at the maximal treatment duration of 5 min. However, the He gas-blown samples also
showed decreased cell viability when compared with controls but it was statistically
nonsignificant.
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FIG. 3: Effect of He-CAPP on cell viability of SCC4 cells 24 h after plasma treatment in irradia-
tion time—dependent manner. ns, non significant; **indicates statistically significant P < 0.05.
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C. CAPP-Induced Cell Cycle Arrest

To know the effect of He-CAPP, we regulated the cell cycle; 24 h after plasma exposure
cells were stained with PI and the cell cycle was analyzed using flow cytometry. For this
study cells were treated with He-CAPP for 1, 3, and 5 min; the He gas—blown cells, at
1, 3, and 5 min were included as well as the untreated control samples. Results showed
a robust increase in the G1 population at 24 h after He-CAPP treatment. He-CAPP
caused cell cycle arrest in G1, increasing the G1 cell cycle in a dose-dependent manner
(Fig. 4A). G2/M cells were decreased 24 h after He-CAPP treatment. Cells treated with
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FIG. 4: Cell cycle analysis using flow cytometry by PI staining. (A) G1, S, and G2/M cell cycle
phase percentages. (B) Cell cycle phase percentages at various stages.

Volume 10, Issue 4, 2020



250 Ramireddy et al.

He-CAPP for 5 min increased the G1 percentage approximately up to 80% when com-
pared with controls. The He gas—blown samples showed modest cell cycle increase. Cell
cycle percentages are shown in Fig. 4B.

D. He-CAPP-Induced Cell Death via Apoptotic Pathway

To elucidate the molecular mechanism of plasma-induced SCC cell apoptosis at 24 h,
apoptosis proteins were analyzed. To estimate the effect of He-CAPP on cell death, cells
were treated with plasma for 1, 3, and 5 min and control samples were incubated for 24
h. The molecular mechanism of He-CAPP induced the pathways shown in Fig. 5A. To
identify the He-CAPP effect on DNA damage and cell cycle arrest, we tested the ATM
pathway. The ATM protein was downregulated in plasma-treated samples when com-
pared with controls. He-CAPP induced DNA damage and triggered G1 arrest via the
ATM/P53/P21 pathway (Fig. 5B). We also studied whether He-CAPP induced apoptosis
through activation of the mitochondria-mediated pathway. Western blot analysis showed
that proapoptotic Bax was increased and antiapoptotic Bcl-2 was decreased when com-
pared with controls (Fig. 5B).

E. Extracellular ROS Generation by CAPP Exposure

We measured plasma-generated ROS in medium with or without cells (Fig. 6A).
The supernatant was harvested and the H,O, concentration in the supernatant was
analyzed by comparison of the H,O, standard curve. Immediately after plasma treat-
ment H O, concentration reached approximately 21 uM (5 min plasma-treated) in
culture and nonculture medium. H,O, concentrations were rapidly decreased af-
ter 30 min and barely identified 3 h after plasma treatment (Fig. 6B). However,
in medium-only (nonculture) supernatant (5 min) H,O, levels were decreased
more slowly until 1 h when compared with culture medium supernatant. Within
3 h, H,0, reached the same level in culture and nonculture medium supernatants
(Fig. 6B).

F. Infracellular ROS and RNS Production in CAPP-Treated OSCC Cells

To know if He-CAPP induced apoptosis through ROS and RNS generation in OSCC
cells, we quantified intracellular ROS and RNS levels using DCFH-DA and DAF-FM.
These probes revealed that He-CAPP increased intracellular ROS and RNS in a time-
dependent manner (Fig. 7). Intracellular RONS were increased at 1 and 3 h after plasma
treatment. Following plasma treatment, intracellular ROS increased twofold when com-
pared with control samples plasma-treated for 5 min (Fig. 7A). Similarly, intracellular
RNS were increased at 3 min. Plasma-treated cells increased by approximately 1.7-old
in 3 h following plasma treatment. After 24 h, ROS and RNS reached the same levels as
in nontreated controls (Fig. 7B). These data suggest that He-CAPP induces intracellular
ROS and RNS.
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FIG. 5: He-CAPP-induced apoptosis and cell cycle arrest in SCC4 cells. (A) The molecular
mechanism of CAPP-induced mitochondrial pathway, ATM/P53/P21 pathway, and mitochon-
dria-mediated pathway in SCC4 cells. (B) Gel-electrophoresed cell lysates 24 h after He-CAPP
treatment. C, control; Hel, He3, He5, helium gas flow at 1, 3, and 5 min, respectively; P1, P3, P5,
plasma treatment at 1, 3, and 5 min, respectively. Three independent experiments with triplicates
in each experiment.

IV. DISCUSSION

CAPP applications are alluring in biomedical fields because of their biologically tolerant
temperature. CAPP has been proposed as a novel therapeutic tool for anticancer treat-
ments. Increasing evidence suggest that CAPP selectively induces apoptosis in various
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FIG. 6: He-CAPP-induced H,O, generation in SCC4 cells. (A) Schematic of experimental pro-
cedure for plasma-induced H,O,. (B) Extracellular H,O, concentrations after He-CAPP added to
medium-only supernatants and medium with cells.

cancer cell types; the underlying signaling pathways are still unknown. In this study,
we found that He-CAPP inhibited cell growth via DNA damage associated with G1 cell
cycle arrest and induced the mitochondria-mediated signaling apoptosis pathway via
increased RONS generation.

In this study, helium was used as the working gas because it interacts with surround-
ing air and produces oxygen and nitrogen reactive species. We characterized the reactive
species recorded in the emission spectra, which revealed high levels of ROS and RNS
(Fig. 2). Therefore, these plasma components, ROS and RNS, have major biological
implications. CAPP induces cell death in various cancers including breast,’' head and
neck,? leukemia,?® melanoma,*? glioblastoma,* and lung cancers.!'®

We tested the effect of He-CAPP short- and long-term(1, 3, and 5 min) exposure.
Results showed that CAPP induced cell death in a dose-dependent manner (Fig. 3). To
know the gas effects, helium-only samples were included and results showed a decrease
in cell viability. This might be due to either gas flow blow-out or other, unknown, fac-
tors. Previous studies showed that gas flow does not induce cell membrane integrity and
roughness* and gas- (He+02") only groups treated for 1 s did not show any significant
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FIG. 7: (A) He-CAPP-induced intracellular ROS levels measured by DCFDA. (B) Intracellular
RNS levels measured by DAF-FM.

effect on cell viability.?*** In this study, we also explored the anticancer effect of He-
CAPP on OSCs. Cell cycle arrest is a known common response to DNA damage. DNA
damage is caused by variety of stimuli to allow damage repair or induction of apopto-
sis.’ After DNA damage, cell cycle arrest is stopped at G1/S or G2/S.*7*® Evidence sug-
gests that ATM/P53 plays central role in cell cycle arrest and apoptosis. Therefore, we
investigated the He-CAPP effect on the ATM/P53/P21 pathway.* Results showed that
He-CAPP induces DNA damage and subsequently triggers the ATM/P53/P21 pathway,
which contributes to G1 cell cycle arrest (Fig. 4). Our results, compatible with previous
findings, show plasma treatment for 1 s induces sub-Glcell cycle arrest via the ATM/
p53 pathway.*

Apoptosis plays an important role in cancer treatment. Apoptosis includes two ma-
jor pathways, the death receptor extrinsic pathway and the mitochondria-mediated in-
trinsic pathway.***! Previous studies demonstrated that ROS play a major role in the
mitochondria apoptotic pathway. The B-cell lymphoma-2 (Bcl-2) family plays a major
role in regulation of cell death and survival by controlling mitochondrial permeability.*?
According to function, the Bcl-2 family is classified as proapoptotic (Bax) and antiapop-
totic (Bcl-2).* Previous studies demonstrated that plasma treatment induces mitochon-
dria-mediated apoptosis via ROS generation in HeLa cells.** We also studied the CAPP
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effect on mitochondria-mediated intrinsic apoptosis proteins. Results showed that CAPP
increased the expression of proapoptotic Bax protein and decreased antiapoptotic Bcl-2
protein expression. These results demonstrate that CAPP induces apoptosis through the
mitochondria-mediated pathway in OSCC cells.

In general, the reactive species are highly reactive and have very short life times.
Plasma-generated short-lived reactive species such as the hydroxyl radical, superox-
ide, singlet oxygen, and nitric oxide were converted into relatively long-lived species
such as H,O, and nitrite (NO") and other species. H,O, and NO™ are known to induce
cell apoptosis and necrosis as well as cell death via DNA double-strand break.* Our
results showed that H O, concentration initially increased with plasma treatment and
then decreased after 30 min. This more rapid decrease in culture medium than in non-
culture medium indicated that cells can promote scavenging of H O,.*® We observed
liquid-phase H,O, involvement in cell death as well as the involvement of other ROS
and RNS.

CAPP acts predominantly on cancer cells. It is observed that levels of ROS are
higher in cancer cells than in normal cells. CAPP treatment accumulates more ROS,
leading to cancer cell death.* Our data reveal that He-CAPP provokes intracellular ROS
and RNS generation in OSCC cells. We hypothesize that the increased concentration of
plasma reactive species generation comes with increased plasma treatment time. Our
results show that He-CAPP may induce cell death with the involvement of mitochondria
in apoptosis. Plasma treatment induced intracellular ROS and RNS as reported in previ-
ous studies. '3

V. CONCLUSIONS

Plasma-generated ROS and RNS in the gas phase diffuse into the liquid phase, trig-
gering dynamic chemical reactions and forming a series of aqueous reactive species.
Several studies have investigated the connection between plasma-induced RONS gen-
eration and plasma-induced apoptosis.*’*° However, the time-dependent molecular
mechanism of He-CAPP in OSCC has not been studied. We found that treatment with
He-CAPP significantly inhibits cell growth in a dose-dependent manner and induces
apoptosis via RONS generation in OSCC cells. This induced apoptosis is accompanied
by upregulation of Bax and downregulation of Bcl-2. Cell cycle arrest is associated with
the ATM/P53/P21 signaling pathway. Taken together, our results indicate that CAPP is
holds promise in human cancer therapy. Additional in vivo and clinical studies are re-
quired to know the clinical usefulness of cold plasma.
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