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ABSTRACT: Inactivation effect of active oxygen species generated by torch-type dielectric
barrier discharge on oral cancer cells was investigated. In order to irradiate cells directly with
active oxygen species, the culture medium is removed from a culture dish. Activation of c-jun
N-terminal kinase (JNK), p38 proteins, and p53 enzymes in oral cancer cells by active oxy-
gen species indicated that the cells suffered apoptosis. Selective inactivation between cancer
and normal cells was obtained by irradiation with active oxygen species for a relatively short
period of less than 60 sec.
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[. INTRODUCTION

Recently, inactivation of cancer cells using discharge plasmas has been a fruitful theme
in plasma research!"'° and elucidation of the inactivation mechanism has been investi-
gated intensively. Studies using plasma-activated medium or plasma-activated water'!-!?
have shown significant inactivation effects on cancer cells. The use of plasmas is a
potentially new method of cancer therapy, with fewer side effects than treatments using
medicines, operations, and radiant rays. However, there have been few studies devoted
to the use of plasmas in the treatment of oral cancer.

Because oral cancer cells appear on inner surface of oral mucosa, active species
in plasmas are able to irradiate cancer cells directly without passing through a liquid
layer. In addition, the energies of active species accelerated by an electric field remain
higher than those of active species in liquids. Therefore, direct irradiation is expected to
obtain larger and more varied effects on oral cancer cells than when using active species
generated in liquids.

Major factors causing cancer cell inactivation in liquids have been determined to
be reactive oxygen species (ROS) and reactive nitrogen species (RNS). Recent studies
have clarified that apoptosis is a major mechanism of cell inactivation when cells are ir-
radiated by plasmas.'*2° Phosphorylation of enzymes such as mitogen-activated protein
kinases (MAPKSs) and p53 are triggers of cell inactivation. However, the major factor
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in plasmas triggering such phosphorylation has not been identified. Phosphorylation
enzymes (kinases) tend to be activated strongly by active oxygen species, including
those generated from NADPH oxidase. In this study, effects of active oxygen species
generated by dielectric barrier discharge (DBD) on oral cancer cells were studied to
elucidate the inactivation mechanism of the cells. In addition, we attempt to explain
the selective inactivation of normal and cancer cells using the difference in apoptosis
between these types of cells.

Il. EXPERIMENTAL SETUP

Figure 1 is a schematic diagram of the atmospheric air torch plasma source. A cylin-
drical ceramic tube serving as a plasma torch with a length of 130 mm and an inner
diameter of 4 mm was covered with a rectangular grounded electrode. A spiral metal
electrode as a cathode was set along the inner wall of the ceramic tube. The spiral metal
electrode was connected to a high-voltage (4—6 kV) and high-frequency (10 kHz) power
supply to obtain a DBD. Material gases for plasma production were air and pure oxygen.
The whole experimental device was enclosed in a container to replace the ambient gas
with the material gas. Active species that were produced in the gas phase between the
torch opening edge and the cells were determined using light emission spectroscopy and
chemical indicators. To determine the production of ROS and RNS in the thin liquid
film of the culture medium, chemical indicators in which the culture medium liquid film
adhered were irradiated by the atmospheric torch plasma using air and oxygen.

The cancer cell line used in this experiment was HSC3, which is a highly metastatic
cell line in lymph nodes from human oral squamous cell carcinoma. For comparison,
HaCaT, a line of spontaneously transformed keratinocytes from histologically normal
skin, was used as a normal cell line. HSC3 and HaCaT were cultivated (15,000/well) in
a 96-well plates for 24 h before the experiment, at which point the cells accounted for
~60—-80% of the area of the wells. Minimum essential culture medium (o imu; WAKO)
supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich) and 100
units/mL penicillin and 100 pg/mL streptomycin (Sigma-Aldrich) was used as the cul-
ture medium. Because HSC3 and HaCaT are adherent cells, the plasma irradiates the
cells directly when most portions of the o-MEM in which the HSC3 cells are cultivated
is removed before the cells are irradiated. After aspiration of culture medium from a
microplate, ultrathin film of culture medium remains on the cell surface. The thickness
of the culture medium film on the cell surface would be several micrometers. Therefore,
when the torch plasma irradiates the cells, active species penetrated from the plasma
torch reach the cells through the ultrathin liquid film on the cells. Plasma irradiation
times were 0, 5, 10, 20, 40, and 60 sec. If gas flow is strong enough to dry and kill cells,
it is difficult to estimate the inactivation effect of active oxygen species. Therefore, a
humidity of 70% was maintained for the material gases by a humidifier and the total
flow rate of the gases was fixed at 0.6 L/m. When material gases without plasma were
blown on cells for 40 or 60 sec, a decrease in live cell number was not observed. After
cultivation of cells in a CO, incubator for 24 h, the cell number was counted using Cell
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FIG. 1: Schematic diagram of the experimental apparatus and the discharge electrode

Counting Kit-8 (Dojindo).

To analyze the effect of plasma irradiation on MAPKs and p53 phosphorylation, im-
munoblot analysis was performed as described previously.?! Briefly, the cells were lysed
in a buffer comprising 50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 0.5% NP-40,
protease inhibitor (Nacalai Tesque), and a phosphatase inhibitor cocktail (PhosSTOP;
Roche) after plasma irradiation for 30 min or 24 h. Protein samples were separated by
SDS-PAGE and transferred onto a PVDF membrane. The membranes were blocked
with 5% bovine serum albumin for 1 h at room temperature, followed by incubation
with anti-c-jun N-terminal kinase (JNK), anti-phospho-JNK, anti-p38, anti-phospho-
p38, anti-extracellular signal regulated kinases (ERKs), anti-phospho-ERK (1:4000; all
from Cell Signaling Technology), phospho-p53 (1:2000; GeneTex), and anti-glyceral-
dehyde 3-phosphate dehydrogenase (1:1000; Santa Cruz Biotechnology) overnight at
4ht at 4chnology) overized using ECL Prime Western Blotting Detection Reagent (GE
Healthcare).

[ll. RESULTS AND DISCUSSION
A. Active Species in Liquid Films on Cells

Figure 2 illustrates the UV-visible light emission spectrum of oxygen plasmas gener-
ated by DBD, which was measured in the horizontal direction at 3 mm below the open-
ing edge of the torch tube. A significant peak appeared at 777 nm and is assigned as
the de-excitation process of atomic oxygen [O(°S)]. This atomic oxygen changes into a
ground-state oxygen atom or ozone with a relatively long lifetime. Chemical indicators
detecting active oxygen species showed the generation of atomic oxygen and excited
oxygen molecules selectively.
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FIG. 2: UV-visible light emission spectrum of oxygen plasmas

To confirm that active species penetrated from the DBD plasma torch reached the
cell surface, the chemical indicator for the gaseous active species is irradiated by the
torch plasma when the surface of the chemical indicator is covered with an ultrathin
liquid film of a-MEM. After most of the a-MEM is removed by aspiration, an ultrathin
liquid film remains on the cells. Atomic oxygen and excited oxygen molecule, which are
difficult to dissolve in liquids, penetrate from the plasma torch and irradiate the cell wall
through the ultrathin liquid film on the cells. The color of the chemical indicator changes
into green after the irradiation for several minutes. This result shows that gaseous active
species can reach the surface of the cell surface through the ultrathin liquid film.

Chemical indicators for detection ROS and RNS in liquid showed production of
RNS such as NO,” and NO," in the liquid film, as well as H,O,. Table 1 illustrates the
amount of active species in the medium after oxygen and air plasma irradiation. H,O,
was generated in medium irradiated by both oxygen and air plasmas. NO,  and NO,
were obtained in medium that was irradiated by air plasma. NOx species are produced
by the air DBD and dissolved in the liquid film, as shown in Table 2. The above results
suggest that cells covered with the ultrathin film of the culture medium are affected by
both gaseous and liquid phase active species.

B. Inactivation Characteristics of HSC3 Cells

The DBD plasmas were generated inside a torch tube and cells in the culture medium
film were irradiated by active species ejected from the opening edge of the tube. To con-
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TABLE 1: Concentration of active species in culture
medium (mg/L) with changes in irradiation period of
oxygen plasma and air plasma

10s 20s 40s 60 s
Oxygen plasma
H,O, 2 2~5 5~10 10
NO, 0 0 0 0
NO, 0 0 0 0
Air plasma
H,0, 2~5 5~10 10~25 25
NO, 20~40 40~80 >80 —
NO, 250~500 > 500 — —

firm the effect of gas flow to cells, cells were blown with both air and oxygen gas flows
from the opening edge of the torch for 40 and 60 sec. The population of living HSC3
cells after gas flow treatment was almost the same as that of the untreated cells (control).
Therefore, the effect of drying cells by gas flow can be ignored in this experiment and
the inactivation effect of the plasma irradiation on cancer cells was therefore induced by
active species in the plasma.

The dependency of cell survival on the irradiation period was significantly different
between oxygen and air plasmas. Figure 3 shows the survival of HSC3 cells irradiated
by the plasmas with different irradiation periods for oxygen (Fig. 3a) and air (Fig. 3b);
the irradiation period 0 indicates the untreated cells (control). In the case of the oxygen
plasma, the inactivation rate was saturated and independent of the irradiation period
after 40 sec. Saturation of the inactivation rate was likely due to spatial uniformity of
the plasma in the microplate well. Microscopic observation of the cells indicated that the
inactivation rates on the center and around the microplate well wall were significantly
different. The 96-well microplates used in this study have an inner diameter of 7 mm,

TABLE 2: Reaction formula

N,+e—2N+e @)
0,te—20+e 2)
O +H,0 — 20H 3)
N+0O— NO 4)
N,+0 —NO, &)
NO + OH — HNO, 6)
NO, + OH — HNO, 7
HNO, — H++NO, ®)
HNO, — H"+NO,” ©
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FIG. 3: Surviving numbers of HSC3 cells with changing irradiation periods of oxygen (a) and
air (b) plasmas
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whereas the plasma torch tube has an inner diameter of 4 mm. The short-lived and strong
oxidizability of active oxygen species, one of the inactivation factors, did not reach the
cells in the vicinity of the well wall.

In the case of the air plasma, however, the decreasing tendency depended on the
irradiation period. Approximately 100% of HSC3 cells were inactivated within 60 sec of
the irradiation period, as shown in Fig. 3. Similar to the oxygen plasma, the short-lived
oxygen species were an inactivation factor. In addition, NOx with a relatively long lifes-
pan are an inactivation factor, allowing them to reach the cells located at the outer side
of the microplate well. Although the inactivation factors for oral cancer cells have not
been specified, the two plasmas should have different inactivation factors. NOx in the
gas phase dissolves in liquids rapidly and generates NO, and NO," in liquids. NO, and
NO,” would diffuse and be distributed in the liquids uniformly and thus inactivate cells
even in the vicinity of the well wall. Therefore, the inactivation effect of the air plasma
is higher than that of the oxygen plasma. Although the oxygen plasma has a character-
istically narrow irradiation range, its oxidization potential is enough to inactivate oral
cancer cells. Because oxygen plasma does not leave harmful long-lived active species
such as NOXx, it is more suitable for oral cancer therapy.

C. Selective Inactivation Effect

HaCaT cells, which are in vitro spontaneously transformed keratinocytes derived from
histologically normal skin, were used as normal cells to investigate the selective inac-
tivation of cancer cells. Figure 4 shows the surviving numbers of (Fig. 4a) HSC3 cells
and (Fig. 4b) HaCaT cells with different oxygen plasma irradiation periods and applied
voltages, together with control and gas flow cases. The number of surviving oral cancer
cells irradiated by oxygen plasma with a discharge voltage of 4.16 kV decreased by ap-
proximately half of the control. Conversely, the number of normal cells did not decrease
compared with controls that were not irradiated by plasmas. When plasma irradiation
was applied with a higher discharge voltage of 4.56 kV, the number of surviving normal
cells also decreased. These results indicate that cancer cells have a lower resistance to
stimulus by oxygen plasma compared with normal cells and are inactivated selectively
under optimal conditions.

The selective inactivation can be explained partly by the Warburg effect,>** a re-
markable characteristic of cancer cells. In contrast to normal cells, which depend pri-
marily on mitochondrial oxidative phosphorylation to generate energy, most cancer cells
instead depend on aerobic glycolysis even when the oxygen supply is sufficient. Normal
cells have antioxidative functions that prevent damage by active oxygen species, which
are generated through oxidative phosphorylation in mitochondria. In contrast, cancer
cells have little antioxidative ability because cellular active oxygens and mitochondrial
oxidative phosphorylation decrease in association with the Warburg effect.”>2* The se-
lective inactivation effect can be obtained by targeting this difference in antioxidative
ability between cancer cells and normal cells with a suitable quantity of active oxygen
species such as that produced by a discharge voltage of 4.16 kV, as shown in Fig. 4.
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FIG. 4: Surviving numbers of HSC3 (a) and HaCaT (b) cells with changed irradiation periods
and applied voltages of plasma, together with control and gas flow cases
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Plasma irradiation as demonstrated in this study may become a new treatment method
for oral cancer, providing fewer side effects compared with treatments using medicines,
operations, or radiant rays.

D. MAPK and p53 are Activated by Active Oxygen Species

To clarify the mechanism of the inactivation of cells, concentrations of various apopto-
sis-related proteins were measured. MAPK is a serine-threonine kinase that is activated
by various stresses. MAPKs are classified into ERKs, JNK, and p38. ERK is a survival
and growth signal protein in cells. JNK and p38 are apoptosis signal proteins.”*° When
cells suffer stress, the MAP kinase kinase kinase (MAPKKK) enzyme is phosphorylat-
ed. Phosphorylated MAPKKK causes downstream reactions to phosphorylate MAPKK
and MAPK. Finally, phosphorylated JNK and p38 phosphorylate the apoptosis-related
enzyme p53.3! Therefore, phosphorylation of the p53 protein is demonstrative of cell
apoptosis. Figure 5 shows variations in the electrophoresis bands of total and phos-
phorylated p38, INK, and ERK in HSC3 cells with differences in applied voltage as
measured by Western blotting. HSC3 cancer cells were affected by plasmas with vary-
ing discharge voltages: (1) oxygen gas flow (control), (2) discharge voltage of 4.16 kV,
and (3) discharge voltage of 5.20 kV. The irradiation period was kept at 30 sec through-
out the experiment. In this experiment, total proteins were extracted from HSC3 cells
30 min after plasma irradiation. Phosphorylated JNK and phosphorylated p38 were en-
hanced in relation to the discharge voltage of the oxygen plasma. In contrast, activation
of phosphorylated ERK, which is a survival and growth signal, was almost the same for
each plasma condition. Therefore, apoptosis of oral cancer cells can be induced by ac-
tive oxygen species, but the growth of cancer cells was not affected by oxygen plasma
irradiation.

The apoptosis-related protein p53 is activated by the MAPK phosphorylation se-
quence. To confirm the activation of p53 when HSC3 cells were irradiated by active
oxygen species, the phosphorylation of p53 was measured by Western blotting. Figure 6
shows the electrophoresis bands of phosphorylated p53 and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) of HSC3 cells, which was obtained under the following con-
ditions: (1) oxygen gas flow (control), (2) oxygen plasma irradiation for 10 sec, and (3)
oxygen plasma irradiation for 30 sec. GAPDH is expressed at high level in most tissues
and the expression level is constant through experiments. For this reason, GAPDH is
used as a loading control for Western blot. The applied voltage was set for 4.16 kV. In
this experiment, the protein was extracted from HSC3 cells after 1 h (Fig. 6a) and 24 h
(Fig. 6b) of treatment under each condition. There was no variation in the phosphoryla-
tion of p53 when the oxygen plasma irradiation period increased after 1 h of irradiation.
Conversely, the phosphorylation of p5S3 was enhanced with the irradiation period of the
oxygen plasma after 24 h. This fact suggests that the response to oxidative stress of cells
occurs several hours after oxygen plasma irradiation.
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FIG. 5: Electrophoresis bands of normal and phosphorylated p38, INK, and ERK of HSC3 cells

with changing applied voltage

IV. CONCLUSION

Total inactivation of oral cancer cells is obtained by relatively short period of ~5—60 sec

when the cells are irradiated by active oxygen species after removing most of the culture
medium. Selective inactivation between cancer and normal cells is obtained with the ir-

radiation period of 10 sec. The difference in activation of apoptosis-related proteins such
as JNK, p38 protein, and p53 enzymes between cancer cells and normal cells is a major
mechanism in the selective inactivation. Cancer cells clearly undergo apoptosis when

irradiated by oxygen plasma.
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