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ABSTRACT: Cold atmospheric pressure plasma (CAPP) techniques have developed rapidly dur-
ing the last decades and have become an important field in plasma medicine. Plasma is ionized gas
that is comprised of reactive atoms, molecules, ions, and radicals. CAPP generates various types
of highly reactive oxygen and nitrogen species at room temperature that play an important part in
biological applications including cancer therapy. In recent years, CAPP has gained increasingly
more interest among cancer researchers, but the mechanism of CAPP’s effect is not fully under-
stood. The aim of this study is to investigate both the mechanism of CAPP on oral squamous cell
carcinoma (OSCC) cells as well as plasma-induced radicals. We observe plasma-induced highly
reactive species in a plasma plume and cell culture. A cell proliferation assay shows that CAPP
significantly decreases proliferation of oral squamous cells in vitro. Western blot analysis shows
cleavage of poly (ADP-ribose) polymerase protein after plasma treatment, indicating that CAPP
can induce cell death via the apoptosis pathway. These findings show that CAPP could be used as
an alternative adjuvant therapeutic tool for the treatment of OSCC.
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I. INTRODUCTION

During the past decade, advances in physics and biotechnology research have led to the
development of plasma medicine as an emerging field worldwide. Plasma that is gener-
ated at room temperature under laboratory conditions, known as cold atmospheric pres-
sure plasma (CAPP), has tremendous applications for biomedical engineering. Recently,
CAPP has been used in cancer treatment,' sterilization,? dental cavity treatment,’ wound
healing,* and blood coagulation,” among other applications. But despite the immense
range of biomedical applications, a cell-CAPP-specific mechanism has not been identi-
fied. Studies have shown, however, that increased intracellular reactive oxygen species
(ROS) induce the apoptosis pathway.®’
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Oral squamous cell carcinoma (OSCC), a prevalent cancer worldwide, is a com-
mon head and neck cancer (HNC) that accounts for ~ 3% of all newly diagnosed cancer
cases and related deaths. Many treatment methods have been used, including surgery,
chemotherapy, and radiation, but long-term survival rates have not improved in the past
decade.?’ In addition to the traditional cancer treatment methods, research has shown
that CAPP may be an alternative.'®!"" CAPP generates various types of species including
ROS and reactive nitrogen species (RNS). These radicals induce cell death and trigger
various signaling pathways.'>!* Several articles have explored different mechanisms, but
molecular and cellular mechanisms remain elusive.

Arecent study found that CAPP produces dose-dependent effects that increase cell pro-
liferation and induce apoptosis.'* Appropriate plasma conditions such as those dependent
on plasma dose and voltage value are required for the development of safe and more effec-
tive CAPP therapies. Another study reported that nonthermal atmospheric pressure plasma
induces apoptotic cell death in OSCC cell lines.”> However, the effect of intracellular ROS
quantity has not been explained. In this study, we designed a plasma jet to evaluate the
effect of CAPP on OSCC cell lines. Our main aim is to investigate primary and molecular
anticancer mechanisms and the effect of CAPP-induced radicals on OSCC cells.

[I. MATERIALS AND METHODS
A. Chemicals and Reagents

We used Dulbecco’s Modified Eagle Medium (DMEM) (HyClone cell culture products;
GE Healthcare Life Sciences; Pittsburgh, PA); fecal bovine serum (FBS) (GE Health-
care); 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT)
(ThermoFisher Scientific; Waltham, MA); 2',7'-dichlorofluorescein diacetate (H2D-
CFDA) (Cayman Chemical; Ann Arbor, MI); B-actin antibody (Santa Cruz Biotechnol-
ogy; Dallas, TX), antipoly (ADP-ribose) polymerase (PARP) (Proteintech Group, Inc.;
Rosemont, IL); and horseradish peroxidase (HRP)-conjugated antirabbit or antimouse
immunoglobulin antibodies (Santa Cruz Biotechnology).

B. Cell Culture

We purchased OSCC cells from the American Type Culture Collection. Cells were
cultured at 37°C and 5% CO, at humidified conditions, in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin antibiotics. For further studies, we used cells
grown to 90% confluence levels.

C. CAPP Treatment

The CAPP device was fabricated at Ming Chi University of Technology. The two electrodes
were comprised of copper strips wrapped around the quartz tube, and distance between
the high-voltage and grounded electrodes was 1.5 cm. The grounded electrode was 0.2 cm
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away from the nozzle tip. Plasma treatment conditions were voltage 5.5 kV, frequency
10 kHz, helium gas of 99.99% purity flowing at 5 standard L/min (slm), 3 cm distance from
liquid surface to tip, and 2-min treatment time. Figure 1 shows a schematic representation
and image of the plasma jet. Cells (5* 10°) were seeded in a 6-cm dish, treated with plasma
for 2 min, and incubated for 24 h. Additional studies were performed after 24 h.

D. Optical Emission Spectroscopy

The plasma produced various radicals that we estimated using an AvaSpec-ULS2048L
optical emission spectroscope (Avantes; The Netherlands). Plasma jet emission spectra
in 200- and 900-nm wavelengths were captured and analyzed using Avasoft 8 software
(Avantes). For calculating peak intensities in optical spectra, we used 100 ms as the
integration time for averaging.

E. Cell Proliferation Assay

We carried out a cell proliferation assay using the MTT assay according to the manu-
facturer’s protocol. After 24 h of plasma treatment, we treated cells with MTT and incu-
bated them for 3 h at 37°C and then dissolved formazan crystals in acidified isopropanol
solution. The optical density was read at 570 nm using a microplate reader. Data were
normalized with control (100%) and shown as the viable cell percentage.
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FIG. 1: Schematic diagram and image of the experimental setup
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F. Western Blot Assay

After plasma treatment, cells were incubated for 24 h and then lysed with radioimmuno-
precipitation buffer that had a protease/phosphatase inhibitor. Proteins were collected by
centrifugation and separated using sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis on tris-glycine gels and transferred to polyvinylidene fluoride membranes. The
membranes were blocked with 5% serum in tris-buffered saline and Tween 20 (TBST)
for 1 h and incubated with primary antibody overnight at 4°C. First washed with TBST,
the membranes were then incubated with HRP-conjugated secondary antibodies for 1 h
at room temperature. Proteins were visualized using enhanced chemiluminescence.

G. ROS Detection

ROS were measured using 2',7'-dichlorodihydrofluorescein diacetate (DCFDA). After
plasma treatment, cells were incubated for 24 h and then incubated again with 5 um
DCFDA for 30 min at 37°C. We measured fluorescence intensity at 485 and 535 nm
using a microplate reader according to the manufacturer’s protocol.

[1l. RESULTS AND DISCUSSION

We analyzed a plasma-emitted spectrum wavelength of 200900 nm to identify ROS
and RNS generated by CAPP. Figure 2 shows emission spectra of He that is generated
at flow 5 slm, voltage 5.5 kV, and frequency 10 kHz. We measured emission lines of the
OH radical at 309 nm and an atomic oxygen peak at 673 nm. We assessed 330—400 nm
N, corresponding peaks that occurred due to the mixing of He with ambient air sur-
rounded by the plasma jet. ROS and RNS have important roles in biomedical applica-
tions such as wound healing, bacterial deactivation, and sterilization.*!*!” To verify the
effect of plasma treatment on OSCC cell lines, we performed a cell proliferation assay
using MTT 24 h after plasma treatment. The results, shown in Fig. 3, show that plasma
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FIG. 2: Optical emission spectrum of He plasma jet
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treatment reduced cell proliferation by ~ 38%, indicating that CAPP produced an anti-
cancer effect when cancer cells were exposed to plasma.

The main aim of this study was to investigate the effect of cold atmospheric plasma
on oral squamous cells. A number of studies have suggested a possible molecular mech-
anism of CAPP in different cancer cell lines. Plasma triggers several signaling path-
ways, including c-Jun amino-terminal kinases (JNKs), P38, mitogen-activated protein
kinase,'® nuclear transcription factor kB (NF-kB) pathways in fibroblast cells (L929),"
p-focal adhesion kinases, matrix metalloproteinase pathways in oral squamous cells,?
and ataxia-telangiectasia mutated/P53 pathways in HNC cells."” To study the antican-
cer mechanism of plasma-treated OSCC cells, at 24 h after plasma treatment proteins
were extracted and Western blot analysis was performed. We used actin as the internal
control. To determine the extent of apoptosis, we assayed PARP protein, which is a
known apoptosis marker, and observed the CAPP effect on OSCC cells. The mechanism
involved was cleavage of PARP (Fig. 4). Similar pathway mechanisms were previously
observed in ovarian cancer’' and glioma?* cells. We observed cleaved PARP protein in
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FIG. 3: Cell viability assay results measured 24 h after plasma treatment
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FIG. 4: Western blot analysis indicates apoptosis at 24 h after plasma treatment
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FIG. 5: Generation of ROS by air plasma. Intracellular ROS were determined using the ROS
probe DCFDA.
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plasma-treated OSCC cells (Fig. 4). Results confirmed that CAPP induced cell death via
the apoptosis pathway in OSCC cell lines.

We further measured intracellular ROS, including hydrogen peroxide (H,O,), hy-
droxyl radicals (OH"), and singlet oxygen (-02), using the DCFDA probe (shown in
Fig. 5). Results showed that plasma treatment induced intracellular ROS levels to in-
crease, and after 3 h, ROS levels decreased. After 24 h, intracellular ROS levels were
reached to control (nontreatment) basal level. These results suggest that plasma treat-
ment increases intracellular ROS levels (Fig. 5). To our knowledge, this is the first
study explaining the effects of CAPP on intracellular ROS in oral squamous cells.
A previous study showed that a plasma-induced apoptosis pathway was activated by
the increase of intracellular ROS.?

IV. CONCLUSION

This study demonstrates induced cell death of oral squamous carcinoma cells after in-
creases in intracellular ROS. ROS generation is important for its anticancer effects.
PARP cleavage was observed in plasma-treated oral squamous cells. In summary, CAPP
can be used as a potential anticancer tool because it triggers the apoptosis pathway in
OSCC cells after increased intracellular ROS.
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