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Atmospheric pressure cold plasma showed selective killing efficiency on cancer cells in vitro and

in vivo, which makes plasma a potential option for cancer therapy. However, the plasma effects on

chemotherapeutic drugs-resistant cells are rarely to be found. In this paper, the effects of plasma on

human hepatocellular carcinoma Bel7402 cells and 5-fluorouracil (5-FU) resistant Bel7402/5FU cells

were intensively investigated. The results showed that plasma induced superior toxicity to Bel7402

cells compared with Bel7402/5FU cells. Incubation with plasma-treated medium for 20 s induced

more than 85% death rate in Bel7402 cells, while the same death ratio was achieved when Bel7402/

5FU cells were treated for as long as 300 s. The hydrogen peroxide in the medium played a leading

role in the cytotoxicity effects. Further studies implicated that when the treatment time was shorter

than 60 s, the depolarization of mitochondrial membrane potential and apoptosis occurred through

the intracellular reactive oxygen species accumulation in Bel7402 cells. Molecular analysis showed

an increase in the transcription factor activity for AP-1, NF-rB, and p53 in Bel7402 cells. No obvious

damage could be detected in plasma-treated Bel7402/5FU cells due to the strong intracellular reac-

tive oxygen stress scavenger system. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4933405]

I. INTRODUCTION

Atmospheric pressure cold plasma has been widely

applied on medicine and biology due to its own advantages

like generation of high concentrations of the chemically

active species while still maintaining room temperature.1

The well established applications in the medical field include

(i) direct treatment of surface of the devices to realize spe-

cific qualities for subsequent special medical applications,

and (ii) direct interaction with living tissue within the human

or animal body to realize the therapeutic effects.2–5 The reac-

tive oxygen and nitrogen species (RONS)6,7 produced by

non-thermal plasmas exhibit strong oxidative properties and

trigger signaling pathways in biological cells. The interaction

of reactive species with biological cells makes plasma possi-

ble for cancer therapy.8

It has been reported that low dose of plasma caused the

detachment of cancer cells,9,10 while high dose promoted the

apoptosis and necrosis of the cancer cells.11,12 Many in vitro
studies based on different plasma devices have been done in

different tumor cell lines, such as lung cancer cells,13 mela-

noma cancer cells,14–16 human colorectal cancer cells,17

human hepatocellular carcinoma cells,18,19 human cervical

cancer HeLa cells,20 and mammalian ovarian cancer cells.21,22

Atmospheric cold plasma induced cell growth arrest, apopto-

sis, and necrosis,17,23,24 meanwhile the dysfunction of

mitochondrial and DNA damage were also involved.20,25

Moreover, it is also been found that plasma had more specific

killing effect on cancer cells compared to normal tissue

cells.26,27 Due to the excellent outlook on the killing effi-

ciency of plasma on cancer cells in vitro, some in vivo
attempts have also been conducted using the tumor cell xeno-

graft models recently.28–30

Nowadays, chemotherapy is one of the frontline strat-

egies for the treatment of cancer in clinic, but thousands of

new cases of cancer eventually exhibited multidrug resist-

ance (MDR) phenotype that either acquired from drug treat-

ment or intrinsic.31 Despite of the outstanding achievement

in plasma effects on tumor cells in vitro and in vivo, few

work had been carried out on the effects of plasma on MDR

cancer cells. It has been reported that direct treatment of

cold plasma jet induced 46% apoptosis in the multidrug

resistant COLO320DM cells,32 and the plasma-exposed

medium showed significant effects on paclitaxel/cisplatin-

resistant cells (NOS3TR and NOS3CR) in vitro and

in vivo.33 In another work, the atmospheric plasma induced

dose-dependent inhibition of the viability in temozolomide

(TMZ)-resistant LN18 cells, and significantly higher sup-

pression could be observed when combined with low dose

of TMZ.34

Although, efforts have been done for proposing the

plasma effects on MDR tumor cells, further studies are still

urgently needed. For example, the effects of plasma simulta-

neously on tumor cells and MDR tumor cells lack attention.

In addition, despite of the studies focused on the contribution
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of oxidative species, charge particles, and other components

to the cellular biological effects,25,35–37 the concrete leading

role for the oxidative species on the cellular effects is still

not clear. In this paper, the different effects and the related

explanation of plasma on hepatocellular carcinoma Bel7402

cells and 5-fluorouracil (5-FU)-resistant Bel7402/5FU cells

were conducted in this paper. And the reactive species that

were crucial for the cytotoxicity were also further evaluated.

II. EXPERIMENTAL SETUP

A. Cell line and cell culture

The parental human hepatocellular carcinoma Bel7402

cells and its 5-FU-resistant Bel7402/5FU cells were pur-

chased from Type Culture Collection of the Chinese

Academy of Sciences (Shanghai, China). Cells were grown

in RPMI 1640 medium containing 10% fetal bovine serum,

100 unit/ml penicillin, and 100 lg/ml streptomycin. For

Bel7402/5FU cells, 20 lg/ml of 5-FU was added into the cul-

ture media, but cells were cultured in the absence of 5-FU

before their use for experiments. Cells were kept at 37 �C
with 5% CO2, and treated with 0.25% trypsin and 0.02%

EDTA.

B. In vitro nonthermal plasma treatment

An encapsulated dielectric barrier discharges (DBD) de-

vice was developed to generate cold plasma, as shown in

Fig. 1. The main part of the device was an acrylic chamber.

Two Al electrodes covered by Al2O3 ceramic sheets were

put at the top and the bottom of the chamber, respectively. In

order to keep the gas temperature at room temperature, a

water-cooling system was applied on the electrodes (the blue

parts in Fig. 1(a)). The working gas was inserted via inlet

from the upper portion of chamber and exhausted from the

lower portion. The gap between the electrodes (the height of

the chamber) was 6 cm, and the size of the electrodes was

14� 10 cm2. Helium with 0.25% of oxygen was inserted at a

flow rate of 8 l/min. An AC Voltage (F¼ 2 kHz, Vp-

p�28 kV) was applied on the upper electrode, and the lower

electrode was connected to the ground. Before turning on the

AC power supply, the employed gas was inlet for 1 min to

exclude air in the device. Then, the AC power supply was

turned on, and a homogeneous plasma was generated in the

discharge gap, as shown is Fig. 1(b).

The treatment of plasma on cells was as follows. Briefly,

300 ll of free RPMI 1640 medium in each well of 24-well

plate was located in the chamber and exposed to the plasma

for certain time courses (20 s, 40 s, 60 s, etc.). The exposed me-

dium was then transferred into the well cultured with cells.

C. MTT assay

The cell viability was measured by the 3-[4, 5-dime-

thylthylthiazol-2-yl]�2,5 diphenyltetrazolium bromide (MTT)

method. Cells were seeded in 24-well plate at the density of

10� 104 cells/well overnight. Plasma-exposed medium or

free medium was added into cells, and the cells were incu-

bated for 8 h at 37 �C with 5% CO2. The medium was then

replaced with fresh RPMI 1640 medium, and 50 ll of MTT

was added into each well. After incubation for 8 h at 37 �C, the

MTT medium was discarded and 1 ml dimethyl sulphoxide

(DMSO) was added to solubilize the formazan crystal. The ab-

sorbance at 492 nm was measured by a microplate reader.

For MTT assay with reactive oxygen species scavengers,

the plasma-exposed medium was added into the cultured cells

with N-acetyl-L-cysteine (NAC, 16 mM), superoxide dismu-

tase (SOD, 50 lg/ml), catalase (CAT, 100 lg/ml), and gluta-

thione (GSH, 2 mM), respectively.

D. Apoptosis detection

Annexin V-FITC/PI assay was used to elucidate the

death pathway for the cells exposed to plasma treatment.

Briefly, cells were seeded into 24-well plates (10� 104 cells/

well) overnight. The cells were treated with plasma-exposed

medium for 6 h. After harvesting and washing twice with

phosphate buffered saline (PBS), the cells were analyzed for

apoptosis using the Annexin V-FITC/PI double staining apo-

ptosis detection kit (NanJing Jiancheng Bioengineering

Institute, China) using a fluorescence activated cell sorter

(FACS) Calibur (FC500, Beckman Coulter, USA).

E. Mitochondrial membrane potential (MMP)
measurement

MMP measurement was conducted to investigate the

mitochondrial function. By using a lipophilic cationic dye

JC-1, the MMP change can be determined. JC-1 aggregates

to exhibit red fluorescence in normal polarized mitochon-

drial, while JC-1 exists as monomer with green fluorescence

in depolarized mitochondrial membrane. Cells were seeded

FIG. 1. Schematic illustration of the

DBD plasma generator.
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in 24-well plate at the density of 10� 104 cells/well over-

night. After incubation with plasma-exposed medium for 4 h,

cells were washed twice with cold PBS and then labeled,

with JC-1 according to the manufacturer’s instruction

(Beyotime Institute of Biotechnology, China). For qualitative

studies, the red fluorescent and green fluorescent images

were obtained separately by a fluorescent microscopy (IX71

Olympus, German). For quantitative studies, cells were

washed with PBS and collected, then labeled with JC-1. The

fluorescence intensity for JC-1 monomers with excitation at

490 nm and emission at 530 nm, and the fluorescence inten-

sity for JC-1 aggregates with excitation at 525 nm and emis-

sion at 590 nm were measured individually with a

fluorescence spectrophotometer (FL4500, Hitachi, Tokyo,

Japan). The ratios of the two fluorescence intensity stated

above were calculated.

F. Detection of intracellular reactive oxygen species
(ROS)

The determination of the intracellular ROS was investi-

gated, based on the oxidation of 2, 7-dichlorodihydrofluorescin

(DCFH). In brief, the 2, 7-dichlorofluorescein diacetate

(DCFH-DA) can be transported across the cell membrane and

form the non-fluorescent DCFH through deacetylation by

esterases. In the presence of ROS, DCFH is chemically con-

verted to compound with highly fluorescent property. For the

detection of intracellular ROS in Bel7402 and Bel7402/5FU

cells, a total number of 10� 104 cells were seeded in 24-well

plate and cultured overnight. The cells were then treated with

plasma-exposed medium for 2 h. For fluorescence microscopy

imaging, the cells were incubated with 10 lM DCFH-DA

(Sigma, USA) solution for 30 min and then washed with PBS

twice, followed by fluorescence imaging. For FACS analysis,

cells were washed twice with cold PBS and harvested for intra-

cellular ROS detection by the DCFH-DA. Briefly, the cells

were incubated with 5 lM DCFH-DA solution for 30 min, and

then washed three times with pure media. Finally, cells were

immersed in 400 ll of PBS and filtered through a 40 lm nylon

mesh.

For measurement of intracellular ROS with ROS scav-

engers, the plasma exposed medium was added into the cul-

tured cells with NAC (16 mM), SOD (50 lg/ml), CAT

(100 lg/ml), and GSH (2 mM), respectively.

G. Measurement of ROS in media

The DCFH working solution was prepared by adding

certain amount of 0.02 N NaOH to the 10 mM DCFH-DA

ethanol stock solution, and the deesterification reaction pro-

ceeded at 37 �C for 30 min.38 The pH of the resulting solu-

tion was then adjusted back to pH 7.4 by phosphate buffer

(10 mM PB, pH 7.2), and the working concentration was

diluted to 20 lM by PBS (pH 7.4). The utilized solution was

stored on ice until being used. After the medium was treated

by plasma for specific time, the DCFH solution was added

and incubated at 37 �C for 1 h. The fluorescence intensity of

the resulting solution was detected by fluorescence

spectrophotometer.

H. Measurement of hydrogen peroxide (H2O2) in media

After treating the cell culture medium with plasma for

specific time, the H2O2 concentration was determined by

Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit

(Invitrogen, USA), following the standard guideline.

I. Intracellular catalase activity measurement

Briefly, the cell lyses was achieved after incubation with

plasma-exposed medium for 20 min or 2 h, 3 ll of the super-

natant was used for the Catalase Assay Kit (Beyotime

Institute of Biotechnology, China) according to the manufac-

turer’s guidelines.

J. Dual-luciferase expression assay

Bel7402 and Bel7402/5FU cells were transfected with

Renilla luciferase vector and also firefly luciferase reporter

gene vector for AP-1, NF-rB, and p53. After transfection for

24 h, the cells were treated with plasma-exposed medium for

3 h. The activities of firefly and Renilla luciferases were

measured sequentially according to the Dual-Luciferase

Reporter (DLRTM) Assay System manuscript (Invitrogen,

USA). The activity ratio of firefly and Renilla was

calculated.

K. Statistics

Statistical analyses were performed by Student’s test.

Values with P< 0.05 were considered significant.

III. EXPERIMENTAL RESULTS

A. Cytotoxicity of plasma on Bel7402 and Bel7402/5FU
cells

Two methods were used to treat cells with plasma. One

was a direct way, in which cultured cells were exposed to

plasma. The other was an indirect way, in which only the

medium was exposed to plasma directly, and then the

treated medium was used to treat culture cells. The results

showed that the cytotoxic effects of plasma on Bel7402

cells were almost the same using both direct and indirect

treatments (Fig. 2), which was consistent with the other

group’s results.25,39 Therefore, the indirect treatment was

adopted in this manuscript.

To elucidate the different effects of plasma on Bel7402

and Bel7402/5FU cells, MTT assay was used to detect the

cytotoxicity of plasma-treated medium. As shown in Fig. 3,

when the medium was treated with plasma for 20 s, the cell

viability of Bel7402 cells was as low as less than 15%, while

that of Bel7402/5FU cells was higher than 90%. When the

exposed time of plasma was longer than 40 s, the cell viabil-

ity of Bel7402 cells was maintained at lower than 10%. On

the other hand, the cell viability of Bel7402/5FU cells

decreased and dropped to about 10% when the media were

treated with plasma for 300 s. These data suggested that

Bel7402 cells were much more sensitive to the plasma-

exposed medium than Bel7402/5FU cells.

To further explore the cell death mechanism for

Bel7402 and Bel7402/5FU cells, Annexin V-FITC/PI assay
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was adopted. The necrotic cells (Annexin V negative and PI

positive) are mainly located in the top-left sector, while apo-

ptosis dead cells are both Annexin V and PI positive (top-

right sector) and the cells undergoing apoptosis are Annexin

V positive and PI negative (lower-right sector). As shown in

Figs. 4(a) and 4(b), the plasma-treated medium induced apo-

ptosis and necrosis in Bel7402 and Bel7402/5FU cells in a

time-dependent manner. The medium treated with plasma

for 20 s caused 28.8% apoptosis and 20.9% necrosis in

Bel7402 cells, while it showed little effect on Bel7402/5FU

cells. When the treatment time increased to 60 s, almost all

the Bel7402 cells died. However, only 19.1% apoptosis and

31.6% necrosis occurred in plasma-treated Bel7402/5FU

cells. These results further revealed that plasma-treated me-

dium induced both apoptosis and necrosis in Bel7402 and

Bel7402/5FU, and Bel7402 cells showed more sensitivity to

plasma-treated medium than Bel7402/5FU cells.

B. ROSs generated by plasma in the culture medium

In order to explain the mechanism of the plasma effects

on tumor cells, the ROS in plasma-treated medium

contributed to the cell death was first investigated. As shown

in Fig. 5(a), a quantification of ROS (mainly hydrogen per-

oxide, hydroxyl radicals, and peroxynitrite) production was

performed with an oxidation-sensitive fluorescent probe dye.

The results illustrated that plasma treatment induced dose-

dependent increase of the ROS level in different liquid

media, which confirmed the oxidizing environment in the

plasma-treated medium. For example, treatment for 40 s

induced 20.5 times increase of ROS in water, 16.4 times

increase in PBS, and 1.65 times increase in phenol-free me-

dium. It should be pointed out that the ROS level was lower

when the media components were more complex, which

might be due to the rapid conversion of the reactive species

in the complex medium.

To further find out the specific species contributed to the

cell death, the non-enzyme antioxidants (NAC and GSH) and

exogenous enzyme antioxidants (SOD and CAT) were used.

CAT is well known as a specific H2O2 scavenger while GSH

is believed to scavenge both H2O2 and hydroxyl radicals, and

SOD specifically catalyzes reduction of superoxide anions. As

shown in Fig. 5(b), medium exposed to plasma for 60 s

induced 80% cell death. However, NAC and CAT treatment

increased the cell viability significantly, while SOD and GSH

did not exhibit significant effects. Furthermore, the plasma-

treated medium increased the intracellular ROS level in

Bel7402 cells, as the green fluorescence intensity enhanced

greatly as shown in Fig. 5(c). NAC and CAT protection

diminished the intracellular ROS level significantly, as shown

in Figs. 5(c) and 5(d). The scavenger effect of CAT prompted

the involvement of H2O2. To specifically measure the concen-

tration of the H2O2 in plasma treated medium, Amplex Red

assay was executed. As depicted in Fig. 5(e), the concentra-

tion of H2O2 was increased by 176 times when the medium

was treated with plasma for 20 s, and reached up to about 870

and 961 times when the treatment time was longer, indicating

the large amount of hydrogen peroxide in the plasma-treated

medium. The concentration of H2O2 reached to around 6 lM

when the medium was exposed to plasma for 60 s. It was coin-

cident that treatment with 6 lM H2O2 induced similar cyto-

toxicity to Bel7402 cells, and the impairment was also

relieved by CAT, as showed in Fig. 6. Thereby, the results

suggested that H2O2 played the main role in the cytotoxicity

of plasma-treated medium on cancer cells.

C. The effects of plasma on intracellular ROS and
MMP in Bel7402 and Bel7402/5FU cells

The dysfunctional mitochondrial respiration contributes

to ROS accumulation,41 and the increment of intracellular

ROS is involved in apoptosis induction by chemotherapeutic

anticancer agents.40 In order to understand deeply what hap-

pened in Bel7402 and Bel7402/5FU cells, the intracellular

ROS level as well as the mitochondrial membrane potential

after the incubation with the plasma-exposed medium were

further studied. As shown in Fig. 7(a), when the medium was

exposed to plasma for less than 60 s, the intensity of ROS-

associated fluorescence increased in dose-dependent manner

in Bel7402 cells, while ROS did not change significantly in

Bel7402/5FU cells. The relative fluorescence intensity

FIG. 3. Effects of the plasma-exposed medium on the viability of Bel7402

and Bel7402/5FU cells. The results were determined by MTT assay and

were expressed as a mean value 6 STDEVP of three separate results (n¼ 3).

**P< 0.02 compared with control group.

FIG. 2. MTT assay in Bel7402 by direct plasma treatment or indirectly treat-

ment. The results were represented as a mean value 6 STDEVP (n¼ 3).

**P< 0.02 compared with control group.

122006-4 Yang et al. Phys. Plasmas 22, 122006 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

24.43.39.170 On: Thu, 12 Nov 2015 16:47:44



increased by 2.7 times when the medium was treated for 20 s

in Bel7402 cells, and by 18.3 times when the treatment time

increased to 40 s. However, when the treatment time

increased to 60 s, the fluorescence decreased a little bit. It

has been proposed that the decrease of ROS level in the late

stage might be owing to the low level of the intracellular aden-

osine triphosphate (ATP), which could stimulate the consump-

tion of oxygen and inhibit the ROS formation.42 Bel7402/5FU

cells exhibited significantly higher intracellular GSH content

and higher overall glutathione-S-transferase (GST) activity.43

The antioxidant property for GSH and GST might eliminate

the ROS stress effectively and thus endow Bel7402/5FU

higher tolerance at the same experimental condition.

Afterwards, the depolarization of the MMP in plasma-

treated Bel7402 and Bel7402/5FU cells was evaluated.

MMP is an early event of apoptosis that increases mitochon-

drial membrane permeability and thereby promotes the

release of proapoptotic factors.20 As shown in Fig. 8(a),

more green fluorescence emerged with the increment of

treatment time in Bel7402 cells, suggesting the depolariza-

tion of the MMP. NAC treatment substantially relieved the

production of JC-1 monomers (green fluorescence) in

plasma-treated Bel7402 cells. However, no obvious green

fluorescence could be captured even when the medium was

treated by plasma for 60 s in Bel7402/5FU cells (Fig. 8(b)).

From the quantitative results shown in Figs. 8(c) and 8(d),

plasma treatment significantly decreased the ratio of aggre-

gates to monomers in Bel7402 cells and NAC treatment pro-

moted the recovery of the ratio, while plasma treatment

showed no serious affect on the Bel7402/5FU cells. The

results indicated diverse effects of plasma treatment on the

intracellular ROS level and the depolarization of the MMP

in Bel7402 and Bel7402/5FU cells.

D. Plasma induces ROS stress-related gene
expression in Bel7402 cells

Since ROS can affect the expression, stability, and func-

tion of proteins, including transcription factors, the disrup-

tion of the transactivation activities may inhibit the target

gene expression and thus modulate the ROS stress and cell

survival signaling.44 For example, H2O2 activated mitogen-

activated protein kinase (MAPK) cascades and thereby regu-

lated AP-1 activity.45 NF-rB affected ROS amounts in the

cells through some of the transcriptional targets and the in-

tracellular ROS also affected the activity of NF-rB in turn.46

The role of ROS in p53-mediated apoptosis has also been

demonstrated.47,48 To verify the effects of the plasma-treated

medium on the transcription factors, the activities of AP-1,

NF-rB, and p53 were measured in Bel7402 cells. As it was

clearly seen in Fig. 9(a), plasma-exposed medium promoted

the transcriptional activation of all three transcription factors

in a dose-dependent manner, suggesting that they might play

FIG. 4. Apoptosis analysis in Bel7402

(upper row) and Bel7402/5FU (down

row) cells after incubation with plasma

exposed medium for 6 h using the

Annexin V-FITC/PI assay. The flow

cytometric results were shown in (a),

and the statistic results were shown in

(b). The data were represented as mean

value 6 STDEVP (n¼3). **P< 0.02

compared with control group.
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important roles in the final apoptosis and necrosis induced

by plasma in Bel7402 cells. No obvious trend was observed

in Bel7402/5FU cells (Fig. 9(b)).

To further confirm the involvement of ROS in the activa-

tion of transcription factors, the effects of NAC on the tran-

scriptional activity of AP-1, NF-rB, and p53 in Bel7402 cells

were detected. Consistently, relative luciferase activities

increased when cells were treated with media exposed by

plasma for 60 s, while NAC treatment decreased relative lucif-

erase expression ratios to control level (Fig. 9(c)).

E. CAT activity in Bel7402 and Bel7402/5FU cells

To investigate the intrinsic cause for the different effects

of plasma-treated medium on Bel7402 and Bel7402/5FU

cells, the response of intracellular CAT activity was

explored. As shown in Fig. 10(a), incubation with plasma-

treated medium for 60 s induced significant decrease in the

intracellular catalase activity in Bel7402 cells when com-

pared to the control group. And the CAT activity decreased

much more when the incubation time increased from 20 min

to 2 h, indicating the accumulative effects of the plasma-

exposed medium. While for Bel7402/5FU cells, no obvious

variation was detected in Bel7402/5FU cells (Fig. 10(b)).

The CAT activity of the untreated Bel7402 cells was much

lower than that of Bel7402/5FU cells (Fig. 11), indicating

the higher antioxidants level in resistant cell line. The results

might explain the reason why Bel7402/5FU cells showed

higher tolerance for the plasma-exposed medium.

IV. DISCUSSION AND CONCLUSIONS

This study explored the inhibitory effects of atmospheric

pressure plasma on Bel7402 and 5-FU-resistant Bel7402/

5FU cells. According to the MTT and apoptosis assay

FIG. 5. Role of ROS in the cytotoxic-

ity induced by plasma-treated medium.

The effects of plasma-exposed medium

on ROS (a); the effects of plasma-

exposed medium on the cell viability

in combination with ROS scavengers

(b); the effects of plasma-exposed me-

dium on the intracellular ROS level

with the treatment of ROS scavengers

by fluorescence microscopy imaging

(c) and flow cytometry analysis (d);

the concentration of hydrogen peroxide

in plasma-treated RPMI 1640 medium

was measured by the probe Amplex

Red (e). The results were represented

as mean value 6 STDEVP (n¼ 3).

*P< 0.05 compared with control

group, and **P< 0.02 compared with

control group.

FIG. 6. Effects of the H2O2 on the viability of Bel7402 cells. The results

were determined by MTT assay and were expressed as a mean

value 6 STDEVP of three separate results (n¼ 3). **P< 0.02 compared

with control group.
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results, it was obvious that the plasma-treated medium

caused significantly more cell death in Bel7402 cells than

that in Bel7402/5FU cells. The medium treated by plasma

for 20 s induced more than 85% of cell death in Bel7402

cells, while the same ratio was achieved in Bel7402/5FU

cells after treatment time as long as 300 s. In order to explain

this phenomenon, more experiments were carried out to elu-

cidate the intrinsic mechanism on the different cytotoxicity

to Bel7402 and Bel7402/5FU cells, and the possible defender

for the survival of Bel7402/5FU cells.

First, we tried to find out the role of ROS in the plasma-

treated medium induced the cytotoxicity. It has been pro-

posed that the plasma generated in Helium with O2 and H2O

is rich not only in O, O2*, and O3 but also in OH and

H2O2.49–52 By utilizing different ROS scavengers, we found

that H2O2 played an important role in the cytotoxic effects

on Bel7402 cells. H2O2 is moderately reactive and is rela-

tively long-lived molecules,53 and it is also the only ROS

that could diffuse over membrane with large distances within

the cells.54 Bekeschus et al. characterized the importance of

plasma generated H2O2 in cellular oxidation and viability.37

Extracellular H2O2 could cause dysfunction in mitochondrial

energy transduction.55 However, H2O2 also could be gener-

ated in the cells under normal as well as wide range of stress-

ful conditions.53 There might be two ways for H2O2 to cause

the cytotoxicity to Bel7402 cells: one was derived from ex-

ogenous transmembrane H2O2 generated by plasma treat-

ment,56 the other came from endogenous one generated

under plasma treatment stress. Additional evidence is needed

to determine the roles of the different possible mechanisms.

Second, the H2O2 in the medium led to significant accu-

mulation of intracellular ROS, induced ROS signaling

FIG. 7. The intracellular ROS level in Bel7402 and Bel7402/5FU cells af-

ter incubation with plasma-treated medium for 2 h. FACS was used to

measure the intracellular fluorescence using the probe DCFH-DA (a);

quantification of the FACS results was shown in (b). The results were rep-

resented as mean value 6 STDEVP (n¼ 3). **P< 0.02 compared with

control group.

FIG. 8. Mitochondrial membrane

potential depolarization in plasma-

treated Bel7402 and Bel7402/5FU

cells with JC-1 dye. The qualitative

studies were shown the red fluorescent

and green fluorescent images were

achieved separately for Bel7402 (a)

and Bel7402/5Fu cells (c); quantitative

results were also shown for Bel7402

(b) and Bel7402/5Fu cells (d). The

results were represented as mean

value 6 STDEVP (n¼ 3). **P< 0.02

compared with control group.
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outcome, and finally cell death in plasma-treated Bel7402

cells. The severe depolarization of the MMP played the

direct role to cause the plasma-induced cell death in Bel7402

cells. However, excessive increase in intracellular ROS lev-

els as mediated by plasma might induce the expression of en-

dogenous antioxidants in Bel7402/5FU cells. The redox

adaptation enabled cancer cells to survive through ROS

stress and provides mechanism of resistance to chemother-

apy and radiation therapy.40 Increase of antioxidants

capacity in Bel7402/5FU endowed the cells weapon to elimi-

nate the ROS stress induced by plasma treatment.

The chemoresistance of cancer cells to chemotherapeu-

tics remains a major challenge in the management of chemo-

therapy. The cytotoxicity results showed that plasma-exposed

medium had the potency to kill Bel7402/5FU cells when the

plasma treatment time increased to 120 s, while the cell viabil-

ity of Bel7402/5FU cells decreased to 10% when the medium

was exposed to plasma for 300 s. It gives a hint that

FIG. 9. The transcriptional activity of

AP-1, NF-rB, and p53 in plasma-

treated Bel7402 and Bel7402/5FU

cells by dual-luciferase expression

assay. After incubation with plasma-

exposed medium for 3 h, the activities

of firefly (Photinus pyralis) and Renilla
(Renilla reniformis) luciferases were

measured in Bel7402 (a) and Bel7402/

5Fu cells (b). The results of the tran-

scriptional activity of AP-1, NF-rB,

and p53 in plasma-treated Bel7402

cells with or without the protection of

NAC (c). The results were represented

as mean value 6 STDEVP (n¼ 3).

**P< 0.02 compared with control

group.

FIG. 10. The intracellular catalase ac-

tivity of Bel7402 (a) and Bel7402/5FU

(b) cells after incubation with plasma-

treated medium for 20 min or 2 h. The

medium was treated for 60 s, the cata-

lase activity was determined by

Catalase Assay Kit (Byotime). The

results were represented as a mean

value 6 STDEVP (n¼ 3). **P< 0.02

compared with control group.

FIG. 11. The intracellular catalase activity for Bel7402 and Bel7402/5FU

cells. The results were represented as a mean value 6 STDEVP (n¼ 3).

**P< 0.02 compared with control group.
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non-thermal plasma might be implicated in the treatment of

MDR cancer cells, and attention should be paid to detailed

optimization and mechanism exploration. On the other hand,

it has been proposed that Bel7402/5FU cells had different bio-

logical characteristics compared to its parental cells, including

increased expressions of TS (thymidylate synthase), MRP

(multidrug-resistant protein), as well as increased GSH con-

tent.57 Depletion of intracellular GSH content by extracellular

ROS stress might affect the chemoresistant capability, contrib-

uting to the chemosensitizing effects when combined with nor-

mal chemotherapeutic drugs. It has been studied that both

saikosaponin-a and saikosaponin-d could sensitize cancer cells

to cisplatin-induced cell death in a dose-dependent manner

through the induction of ROS accumulation.58 The accumula-

tion of ROS generated by plasma either by direct or separated

approach in chemoresistant cells might also affect the killing ef-

ficiency of the chemotherapeutic drugs. The effects of plasma

on sensitizing the MDR cancer cells are still undergoing.
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