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The effects of atmospheric pressure plasma jet on cancer cells (human lung carcinoma cells) and

normal cells (embryonic kidney cells and bronchial epithelial cells) were investigated. Using a

detection dye, the production of intracellular reactive oxygen species (ROS) was found to be increased

in plasma-treated cells compared to non-treated and gas flow-treated cells. A significant

overproduction of ROS and a reduction in cell viability were induced by plasma exposure on cancer

cells. Normal cells were observed to be less affected by the plasma-mediated ROS, and cell viability

was less changed. The selective effect on cancer and normal cells provides a promising prospect of

cold plasma as a cancer therapy. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824986]

In recent years, non-thermal plasmas and their applica-

tions in biomedical treatments have developed due to their

extensive capability. Many groups have successfully demon-

strated plasma’s ability by using various targets.1–5

Generally, ultraviolet (UV) radiation, charged particles, and

free radicals such as reactive oxygen species (ROS) that exist

in and around plasma can cause various effects. One of the

most important factors is the plasma-generated reactive spe-

cies.6,7 Overproduction of ROS results in oxidative stress, a

harmful process that can be an important mediator of damage

to cell structures, including lipids and membranes, proteins,

and DNA.8 Regarding plasma effects on living cells, differ-

ent behavior under plasma treatment was found depending

on cell type and plasma source power and composition.9,10

Several types of atmospheric plasma sources have been

utilized for plasma-cell interactions. In the dielectric barrier

discharges (DBDs), the current can flow to the treated

surface and charged particles will generally impact the sur-

face.11 In the floating electrode DBD (FE-DBD), the living

tissue surface act as an electrode at floating electrical poten-

tial. It was reported that FE-DBD plasma generated a large

amount of ROS, leading to the formation of DNA damages

and resulting in a multiphase cell cycle arrest and a subse-

quent apoptosis induction.3 In addition, it was shown that

non-thermal plasma created by DBD had dose-dependent

effects that range from increasing cell proliferation to induc-

ing apoptosis and those effects were primarily due to forma-

tion of ROS.12 Indirect plasmas are produced between two

electrodes and are then transported to the area of application

entrained in a gas flow. They range from “plasma needles”

to larger “plasma torches,” including our plasma jet source.13

In this category of plasma source, ROS are generally created

at the boundary between the jet and the adjacent air through

various mechanisms. These configurations tend to create

electrically safe plasma compared with direct mode.11 The

atmospheric pressure plasma jets are among the most plausi-

ble candidates able to destroy cancer cells without damage

of surrounding healthy cells.2,13–15

There have been reports that the cold plasma jet can

selectively ablate some cancer cells while leaving their cor-

responding normal cells essentially unaffected, suggesting

that plasma effect is related to generation of ROS with possi-

ble induction of the apoptosis pathway.13 The ability to treat

cancer cells is based on the synergy of several biologically

active plasma components.6 It is important to explore the

interactions between the production of plasma-induced reac-

tive species and cellular responses. Since plasma–mediated

oxidative stress may bring about harmful or perhaps even ben-

eficial cellular responses, one should examine carefully the

plasma-dependent effects within target cells by the parallel

comparison of cancer and normal cells from the same tissue

having similar characteristics. In this work, various cancer and

normal cells maintaining typical epithelial characteristics

were treated by atmospheric pressure plasma jets and intracel-

lular ROS generation were measured and quantified. And the

cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,

inner salt (MTS) assay. To further examine the involvement

of plasma-induced ROS in cellular response, the inhibition

assay was performed.

Figure 1(a) shows the photograph of the plasma plume

and the schematic of the atmospheric pressure plasma jet de-

vice. The plasma jet consists of a wire electrode, a Teflon fit-

ting, a glass confinement tube (8 mm inner diameter and

10 mm outer diameter), and a pencil-shaped nozzle (2 mm

inner diameter at the exit). A tungsten pin wire (0.3 mm

diameter) with a sharpened tip was placed on the tube axis.

The glass tube placed between the wire electrode and stain-

less steel holder makes this device resemble a dielectric bar-

rier discharge. A pencil-shaped nozzle was attached to the

end of the glass tube. The distance between the end of the tip

and the glass tube exit was approximately 10 mm. The

applied voltage, excitation frequency, and gas flow rate were

0.7–1.1 kVrms, 35 kHz, and 0.1 L/min, respectively. The he-

lium gas controlled by a flow meter (RK1600R Kofloc) was

fed to a glass tube, and the plasma plume was formed around

the tip and expelled out of the nozzle. The sinusoidal voltage

source of several tens of kilohertz (HPSI200 FTLab) is

applied to the tungsten wire. The voltage and the current
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characteristics were measured using a real time digital

oscilloscope (WS44Xs-A LeCroy) via high voltage probe

(P5100, Tektronix) and current probe (3972 Pearson). Figure

1(b) shows the waveforms of the voltage and the discharge

current of the plasma jet. The discharge current was obtained

by subtracting the displacement current from the total cur-

rent. The discharges occur in the rising and falling periods of

the voltage waveform. It is worth noting that this plasma jet

operates in low-voltage and low-current mode, well suited

for plasma-cell interactions.

To identify reactive species that are generated in the dis-

charge, optical spectra were recorded for emission from the

jet in the wavelength range from 200 to 900 nm. The light

emitted by the plasma was focused by means of optical fiber

into entrance slit of 0.75 m monochromator (1702, SPEX),

equipped with a grating of 1200 grooves per millimeter and

slit width of 100 lm. Figure 2 shows the emission spectrum

observed in the helium plasma jet. The emission spectrum

reveals the presence of excited helium, atomic oxygen, and

some excited air molecules. In the discharge area, the elec-

tron impact dissociation of N2 and O2 molecules leads to the

formation of atomic oxygen and the breaking of the strong

bond in the N2 molecule by vibrational excitation and disso-

ciation. In the plasma jet, the presence of nitric oxide (NO)

at 283 nm is due to the chemical conversion of N and O2 (or

N and O). The N2
þ emission at the spectral region from 391

to 428 nm is strong since highly energetic helium metasta-

bles are able to produce molecular nitrogen ionization when

the ionized helium gas interacts with ambient air. The

hydroxyl (OH) radical at 309 nm appears as a result of the

water molecules’ dissociation caused mainly by collision

with electrons or long-lived plasma species, in our case he-

lium metastables. The atomic line of hydrogen (Ha) at

656 nm is due to the excitation of hydrogen atoms generated

by dissociation of water molecules under the action of the

energetic electrons in the plasma.16

The interaction of the plasma jet with cells was exam-

ined on human lung carcinoma cells (A549), embryonic kid-

ney cells (HEK293T), and bronchial epithelial cells (BEAS-

2B). The cells were maintained in RPMI 1640 (Rosewell

Park Memorial Institute Medium; A549), BEGM (Bronchial

Epithelial Cell Basal Medium and the growth supplements;

BEAS-2B), and DMEM (Dulbecco’s Modification of

Eagle’s Medium; HEK293T) supplemented with 10% fetal

bovine serum and 100 U/ml penicillin. Cells were incubated

at 37 �C with humidified air and 5% CO2. Then cells were

seeded in dishes (for 20,70-dichlorofluorescein diacetate

(DCF-DA) assay) at a density of 1� 105 cells and 24-well

plates (15.62 mm in diameter, for MTS assay) at a density of

1� 104 cells per well, incubated overnight, and exposed to

the plasma plume (and/or gas flow only) for 10 s on 6–9

points per well and/or dish. Prior to plasma treatment, media

from each chamber was almost removed, and a small amount

of media (a few hundred microliters) was left to keep cells

wet during treatment. The distance from the nozzle to the

cell surface was 10 mm. The plasma plume reached the cell

directly.

Intracellular ROS generation after plasma treatment was

detected by fluorescence microscopy using DCF-DA assay

and quantified by measuring pixel intensity with MetaMorph

software (Molecular Devices, Sunnyvale, CA). Intracellular

ROS assay is a cell-based assay for measuring reactive oxy-

gen species activity within a cell. The assay employs the

cell-permeable fluorogenic probe DCF-DA (Molecular

ProbesVR : Cat. No. D399), which diffuses into cells and is

deacetylated by cellular esterases to the non-fluorescent

dichlorofluorescin (DCFH). In the presence of ROS, DCFH

is rapidly oxidized to highly fluorescent DCF.17 Generation

of ROS can be detected by monitoring the increase in fluo-

rescence. Fluorescence was measured with excitation and

emission wavelengths set at 488 nm and 520 nm,

respectively.

Figure 3(a) represents the fluorescence images of intra-

cellular ROS generation induced by plasma treatment in can-

cer (the bottom row of figure: A549) and normal (the upper

row of figure: HEK293T) cell lines. The cells were pre-

treated with 10 lM DCF-DA for 5 min at 37 �C in the dark

and exposed to plasma. We marked 9 points on a dish

FIG. 1. (a) Schematic of the experimental setup and (b) the waveforms of

the voltage and the discharge current.

FIG. 2. Emission spectra from the helium plasma jet with the applied

voltage of 1.0 kVrms and frequency 35 kHz.
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(51.4 mm in diameter) and treated those points for 10 s with

plasma. We observed the production of ROS in those marked

points. The cells didn’t undergo the necrotic death such as

plasma-induced void. Fluorescence-activated cells were

detected using fluorescence microscopy (Nikon TS100-F). In

the cancer cells after plasma treatment, the intensity level of

the fluorescence was higher than that of non-treated and gas-

treated cells. Figures 3(b) and 3(c) show the quantified val-

ues by measuring pixel intensity with MetaMorph software.

The results were expressed as means 6 SD. Statistical signif-

icance of difference between groups was analyzed by one-

way analysis of variance (ANOVA) followed by Tukey’s

multiple comparison test using statistical software (Prism,

version 4; GraphPad Software Inc., San Diego, CA, USA).

P< 0.05 was regarded as significant. As shown in Fig. 3(b),

no significant intracellular ROS generation was observed in

normal cells. On the other hand, the results show a plasma-

dependent elevation of intracellular ROS production in can-

cer cells [Fig. 3(c)]. It was reported that ROS are the major

players in the cell response to plasma treatment in vitro and

in vivo.18,19 Different cells have different sensitivities to

plasma depending on cell types and components of plasma

plume. Since cancer cells produce high levels of ROS and

are under increased oxidative stress, it is reasonable to spec-

ulate that compared to normal cells, the malignant cells

would be more responsive to ROS-mediated damage.20

However, one of the difficulties in this hypothesis arises

from a necessity of a comparable “normal cell” to use as a

control. Addressing this problem requires a control cell line,

preferably one that has the similar characteristics aforemen-

tioned. So we also examined the plasma effects in a human

normal bronchial epithelial (BEAS-2B) cell line.

A549 cells were considered to be alveolar epithelial

cells with properties of type II cells, as they were isolated

from an alveolar cell carcinoma. BEAS-2B cells were origi-

nally established from healthy human bronchial epithelium

and transformed by an adenovirus 12-SV40 hybrid virus.

They have been shown to maintain typical epithelial mor-

phology and many epithelial functional characteristics.21 As

shown in Figs. 4(a) and 4(b), intracellular ROS generation

was quite different between normal and cancer cells. A high

intensity level of DCF-DA fluorescence was observed in the

plasma-treated cancer cell populations indicating a higher

level of ROS concentration than those of normal cells.

Moreover, it was observed that plasma could have a different

influence on cancer cells in two different applied voltages

(plasma doses). As shown in quantification of fluorescence

intensity [Fig. 5(a)], the intracellular ROS generation in the

plasma-treated cancer cells was dramatically increased com-

pared to the gas flow-treated control. The results obtained

FIG. 3. (a) Fluorescence images of intracellular ROS generation in normal

(the upper row of figure; HEK293T) and cancer (the bottom row of figure;

A549) cell lines (1.1 kVrms, 35 kHz, and 0.1 L/min). The quantification by

measuring fluorescence pixel intensity with MetaMorph software: (b)

HEK293T and (c) A549 cell lines. Each point represents the mean 6 SD of

three replicates. ***p< 0.001, compared with cells treated with the gas flow

alone.

FIG. 4. Fluorescence images of intra-

cellular ROS generation and bright-

field images: (a) cancer (the upper row

of figure; A549) and (b) normal (the

bottom row of figure; BEAS-2B) cell

lines (0.7 kVrms, 0.8 kVrms).
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with BEAS-2B cells were similar to those with HEK293T

cells. Normal cells have less ROS generation and profound

antioxidant systems. Cancer cells normally produce more

ROS than do normal cells.20 This might make them vulnera-

ble to chemotherapeutic agents that further augment ROS

generation. Also, some cancer cell types have higher meta-

bolic activities than others (including the normal quiescent

cells), and these differences may easily lead to translate into

higher rates of ROS formation.

Next, cell viability was assessed by MTS assay with the

use of a kit (Promega: Cat. No. G3582) according to the

manufacturer’s instructions. The MTS tetrazolium com-

pound is bio-reduced by cells into a colored formazan prod-

uct that is soluble in tissue culture medium. This conversion

is presumably accomplished by NADPH (nicotinamide ade-

nine dinucleotide phosphate; reduced form) or NADH (nico-

tinamide adenine dinucleotide; reduced form) produced by

dehydrogenase enzymes in metabolically active cells.22

Assays are performed by adding a small amount of the solu-

tion reagent directly to culture wells, incubating for 2–4 h

and then recording the absorbance at 490 nm with the Victor

3 spectrophotometer (Perkin-Elmer, CT).

Figure 5(b) represents the measurement of cell viability

by MTS assay on A549 and BEAS-2B cell lines. The assay

was performed 48 h after exposure to plasma. Interestingly,

it was observed that the reduction in cell viability rate was

different between cancer and normal cells. The viability rate

of cancer cells was reduced on the plasma-treated cells. It

was lower than that in the gas flow-treated control

(87.54 6 4.5% versus 97.7 6 1.7%). In the normal cells, the

results exhibit a slight decrease in cell viability. It is gener-

ally accepted that ROS can function as true second messen-

gers and mediate important cellular functions such as

proliferation. The ROS, which contribute to the energy land-

scapes in and around cells, play numerous roles in maintain-

ing normal cell homeostasis. On the other hand, the high

levels of ROS can lead to pronounced DNA damage and a

variety of cellular responses, including cell cycle arrests, se-

nescence, and apoptosis. ROS are constantly generated and

eliminated inside a cell and regulate ROS-sensitive signaling

events.23,24 The balance of ROS may be dramatically

affected by many environmental stimuli, including plasma

treatment. The ROS generation and subsequent oxidative

damage to the cell membrane are one of the major mecha-

nisms of cell death in cancer therapy.25 When intracellular

ROS production is further increased by plasma treatment,

ROS in cancer cells may easily reach the death threshold

through aftereffect. These different aspects between cancer

and normal cells provide a prospect for ROS-promoting can-

cer therapy.

To further examine the involvement of plasma-induced

ROS in cellular response, we evaluated whether intracellular

ROS generation and reduction in viable cell density could be

inhibited by various antioxidant agents, such as rotenone

(a mitochondrial electron transport chain inhibitor (Sigma:

FIG. 5. (a) The quantification by measuring fluorescence pixel intensity with

MetaMorph software. (b) Measurement of cell viability by MTS assay: can-

cer (A549) and normal (BEAS-2B) cell lines (0.75 kVrms). Cell viability was

determined 48 h after the plasma treatment. Each point represents the

mean 6 SD of three replicates. **p< 0.01, ***p< 0.001.

FIG. 6. Effects of antioxidants on in-

tracellular ROS generation induced by

plasma (0.7 kVrms): (a) the fluores-

cence images and bright-field images

and (b) the quantification of intracellu-

lar ROS generation in cancer (A549)

cell lines. (c) Measurement of cell via-

bility by MTS assay. Cells were pre-

treated for 1 h with antioxidants before

plasma treatment (P): 1 lM rotenone

(ROT), 10 lM NDGA, and 300 lM

apocynin (APO). Each point represents

the mean 6 SD of three replicates.

***p< 0.001, ###p< 0.001.
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Cat. No. R8875), 1 lM), NDGA (nordihydroguaiaretic acid:

an antioxidant and lipoxygenase (LOX) inhibitor (Sigma:

Cat. No. 74540), 10 lM), and apocynin (NADPH oxidase in-

hibitor (Calbiochem: Cat. No. 178385), 300 lM). The inhibi-

tors were added 1 h before A549 cells were exposed to

plasma. As shown in Figs. 6(a) and 6(b), it was observed that

plasma could effectively induce ROS generation in A549

cells. However, NDGA blocked the plasma-induced ROS,

whereas other antioxidants had no obvious effect on those.

NDGA is a recognized inhibitor of LOX. LOX are enzymes

that catalyze the addition of oxygen to polyunsaturated fatty

acids. Products of LOX are involved in diverse cell func-

tions. It was demonstrated that LOX metabolites influenced

ion movement and fluid balance in isolated rabbit tracheal

epithelial cells.26 Our results suggest that plasma-induced

ROS generation may be related to a specific pathway associ-

ated with LOX in lung cancer cells. NDGA has antioxidant

and free radical scavenging properties. It has been reported

that NDGA was a potent scavenger of ROS such as peroxy-

nitrite (ONOO�), singlet oxygen (1O2), hydroxyl radical

(•OH), superoxide anion (O2
�•), hydrogen peroxide (H2O2),

and hypochlorous acid (HOCl) in vitro and could prevent

ozone (O3)-induced lung tyrosine nitration in vivo.26 Our

results indicate that NDGA may be a potent antioxidant that

can block plasma-induced oxidative radicals. In addition, it

was examined whether the presence of various antioxidants

could cause recovery from plasma-mediated reduction in

viable cell number. Figure 6(c) represents the measurement

of cell viability by MTS assay. The plasma treatment mixed

with NDGA tended to mitigate the viability reduction (com-

pared to pure plasma, apocynin, and rotenone). In general,

increased ROS stress can induce various biological

responses, ranging from a transient growth arrest and adapta-

tion, increase in cellular proliferation, permanent growth

arrest or senescence, apoptosis, and necrosis. On the condi-

tion that dividing cells are exposed to greater oxidative

stress, they can be forced into a permanently growth-arrested

state.27 These results suggest that an abnormal increase of

ROS by plasma treatment can affect the cellular viability.

In conclusion, a significant ROS generation was induced

by plasma exposure on cancer cells and the overproduction

of ROS may partially contribute to the reduced viability. In

contrast, it was observed that the plasma-mediated ROS was

slightly increased in normal cells and cellular viability

tended to be less changed compared to cancer cells. Due to

these differences in cell sensitivity to plasma exposure

between cancer and normal cells, non-thermal plasma can be

one of the promising tools in terms of ROS-promoting can-

cer therapy. In addition, NDGA could effectively block the

plasma-induced ROS production in cancer cells. The pres-

ence of NDGA could cause recovery from the reduction in

cell viability by plasma treatment in cancer cells. This indi-

cates that plasma may induce oxidative stress through a

specific pathway affected by NDGA. These results could

become potentially valuable information in medical applica-

tions of non-thermal plasma. Since there has been only lim-

ited information on ROS generation and mechanism of

subsequent oxidative damage after plasma treatment, addi-

tional functional studies are now needed to comprehend the

plasma action on cells.
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