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On the Mechanism of Plasma Inducing
Cell Apoptosis

Xu Yan, Fei Zou, Shasha Zhao, XinPei Lu, Senior Member, IEEE, Guangyuan He, Zilan Xiong, Qing Xiong,
Qiangqiang Zhao, Pengyi Deng, Jianguo Huang, and Guangxiao Yang

Abstract—A cold atmospheric-pressure plasma, which has been
widely used for biomedical applications, may potentially affect
the cell cycle and cause cell apoptosis. In this paper, a human
hepatocellular carcinoma cell (HepG2) is treated by a single-
electrode plasma jet device. Further investigation by using flow
cytometric analysis demonstrates that plasma treatment increases
the percentage of apoptotic cells being associated with cell cycle
arrest at the G2/M phase. Moreover, the reverse transcription
polymerase chain reaction assay shows that the cyclin B1 and Cdc2
are decreased at the transcription level after plasma treatment,
while the expression of the p21 Cdk inhibitor, as well as that
of tumor suppressor p53, is enhanced. On the other hand, the
levels of certain pro- or antiapoptotic genes are checked, and the
experimental results suggest that the plasma induces apoptosis by
shifting the Bax/Bcl-2 ratio to trigger HepG2 cell apoptosis. The
results of the present investigation indicate that the plasma jet de-
vice may have potential therapeutic activities, such as sterilization
of living tissue and tumor therapy of the postoperative treatment
process.

Index Terms—Atmospheric-pressure nonequilibrium plasmas
(APNPs), cell apoptosis, cell cycle, flow cytometry, plasma jet.

I. INTRODUCTION

C ELL death can either be necrotic or apoptotic. Necrosis is
typically described as a nonspecific form of cell death [1].

Apoptosis, or programmed cell death, is an active form of cell
death that plays a crucial role in the normal development and
differentiation of multicellular organisms. It is characterized by
a highly stereotypical series of morphological and biological
changes, such as cytoplasmic shrinkage, chromatin condensa-
tion, and DNA degradation [2].
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A cell cycle is composed of a tightly regulated sequence of
events, whose main purpose is to ensure that the genomic ma-
terial is ready to be replicated, faithfully copied, and properly
segregated into daughter cells. The integrity of genomic DNA
is continually monitored, and DNA repair is coordinated with
the cell cycle via the G1/S, intra-S phase, and G2/M check-
points [3].

Liver cancer is the most frequent cause of cancer-related
deaths in Asia and is currently being treated with a wide variety
of drugs [4]. These drugs may inhibit the growth of tumor cells,
induce apoptosis in vitro and in vivo in a variety of cells, and
act as antiproliferative agents. However, severe side effects for
the therapeutic treatment (chemotherapy and radiotherapy) of
patients suffering from cancer would appear simultaneously.

In recent years, atmospheric-pressure nonequilibrium plas-
mas (APNPs) have been used in many biomedical applica-
tions, such as bacterium, yeast, fungus, and alga inactivation;
surface treatment for cell sheet engineering to controlled cell
cultivation; blood coagulation promotion; and tooth root canal
sterilization [5]–[22]. APNPs can operate at room temperature,
and they can form numerous short-lived but highly active
chemical particles, such as reactive oxygen species (O and O3),
hydroxyl radical (OH), and other excited species (N+

2 , NO,
etc.). These active chemical particles are essential for various
biological processes in cells and human body; reactive oxygen
species are involved in the initiation, progression, and metasta-
sis of cancers; and nitric oxide (NO) can induce apoptosis and
necrosis or protect cells from death, depending on the cell type
and the amount, duration, and site of NO production. Therefore,
it is important to study the impact of plasma on cancer cells
[23]–[29]. Recently, Stoffels et al. [14] and Fridman et al.
[16] found that APNPs can induce the cell apoptosis process.
However, the mechanism of APNPs inducing cell apoptosis is
not well understood. In this paper, the mechanism of cancer cell
apoptosis induced by APNPs is investigated. It is found that the
plasma induces apoptosis through shifting the Bax/Bcl-2 ratio
to trigger HepG2 cell apoptosis.

II. EXPERIMENTAL SETUP

A. Cell Culture and In Vitro Plasma Treatment

A specially designed single-electrode plasma jet device is
used to generate the nonequilibrium plasma plume. A high-
voltage (HV) wire electrode, which is made of a copper wire
with a diameter of 2 mm, is inserted into a 4-cm-long quartz
tube with one end closed. The inner and outer diameters of

0093-3813/$26.00 © 2010 IEEE
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Fig. 1. Schematic of the experimental setup.

the quartz tube are 2 and 4 mm, respectively. The quartz tube,
along with the HV electrode, is inserted into a hollow barrel
of a syringe. The diameter of the hollow barrel is about 6 mm,
and the diameter of the syringe nozzle is about 1.2 mm. The
distance between the tip of the HV electrode and the nozzle is
1 cm. When helium with a flow rate of 2 L/min is injected into
the hollow barrel and the HV pulsed dc voltage (amplitudes of
up to 10 kV, repetition rate of up to 10 kHz, and pulsewidth
variable from 200 ns to dc) is applied to the HV electrodes,
a homogeneous plasma is generated in front of the end of the
quartz tube, along the nozzle, and in the surrounding air. The
length of the plasma plume can be adjusted by the gas flow rate
and the applied voltage (amplitude, frequency, and pulsewidth).
A detailed description of the experimental setup can be found
in [17]. The schematic of the device is shown in Fig. 1. For
all the experiments reported in this paper, a pulse frequency of
8 kHz, a pulsewidth tpw of 1.6 µs, and an applied voltage of
8 kV are fixed.

Cells are maintained in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% (v/v) fetal
calf serum (FCS) at 37 ◦C in a humidified atmosphere contain-
ing 5% (v/v) CO2.

The HepG2 cells are grown in a six-well plate at a concen-
tration of 1 × 105 cells per well. The cells are allowed to attach
for 12 h. Before plasma treatment, the medium is changed to
800-µL phosphate-buffered saline (PBS). Five wells of the
six-well plate are placed right under the nozzle for plasma
treatment, and one well is left for control. Plasma treatment
is performed for one well at a time. Five plasma treatment
durations of 120, 240, 480, 720, and 960 s are used. The
distance between the nozzle and the surface of PBS is fixed
to 10 mm. The working gas He/O2 (1%) with a flow rate
of 1 L/min is used. The experiment is carried out at room
temperature. Immediately after treatment, the PBS of the wells
is removed, and 1-mL DMEM, supplemented with 10% (v/v)
FCS, is added to the dishes and returned to the CO2 incubator.
The control cells are subjected to an identical procedure without
plasma treatment. The cells are harvested at the indicated time
points.

B. Flow Cytometric Analysis

The treated cells are continuously cultured for 24 and 48 h
at the same condition. Then, the cells are collected and fixed in
75% (v/v) ethanol for 1 h at 4 ◦C when cultured to the indicated
time. The cells are washed once with PBS and resuspended
in cold propidium iodide solution (50 µg/mL), a commonly
used fluorescent dye, containing RNase A (0.1 mg/mL) in PBS
(pH 7.4) for 30 min in the dark, and cell cycle phase analysis
is performed by flow cytometry (BDLSR II) and analyzed by
BD FACSDiva software. The DNA contents of the cells are
stained with propidium iodide (PI). Cell cycle phase analysis
is performed on the flow cytometer by analyzing the DNA
contents with the fluorescence-activated cell sorting (FACS)
technique. The number and the percentage of cells in each cell
cycle are analyzed and calculated by the software.

C. RT-PCR of mRNA for Cycle- and Apoptosis-Related Genes

Genes in cells with different cell cycle or status are selec-
tively transcribed into mRNA and then translated into protein
to perform different biological functions. Reverse transcription
polymerase chain reaction (RT-PCR) is the most sensitive tech-
nique currently available for mRNA detection and quantization.
In RT-PCR, however, an RNA strand is first isolated and
reversely transcribed into its DNA complement (cDNA) using
the enzyme RT. The cDNA can be used as the template for PCR
amplification of a particular gene relied on the specific primers
for the gene. The PCR products are analyzed and imaged by
agarose gel electrophoresis, which can separate DNA fragments
of different lengths. The band in the agarose gel electrophoresis
image indicates the DNA fragments amplified by the PCR
reaction with specific length. The brightness of the band reflects
the quantity of the PCR products.

In this paper, the HepG2 cells are treated as mentioned ear-
lier. The total RNA is isolated by a TRIZOL method (Life Tech-
nologies, GibcoBRL) according to the manufacturer’s protocol
and quantitated by a spectrophotometer (U0080D, HITACHI).
After preparing the cDNA from the extracted RNA using oligo
d(T) [16] as an RT primer, PCR amplification is performed
using a GeneAmp Kit (PerkinElmer, MA) according to the
manufacturer’s instructions with the indicated primers shown in
Table I. The amplification conditions are 94 ◦C (60 s), annealing
(60 s), and 72 ◦C (60 s) for 30 cycles. The PCR products are
analyzed by electrophoresis (Bio-Rad Gel Doc 2000) on 1%
agarose gel stained with ethidium bromide.

III. EXPERIMENTAL RESULTS

A. G2/M Arrest of the Cell Cycle by Plasma

Flow cytometry enables the identification of cell distribution
during the various phases of the cell cycle. Four distinct phases
can be recognized in a proliferating cell population: G1, S
(DNA synthesis phase), G2, and M phase (mitosis). Thus, the
DNA content of the G2 phase doubles that of the G1 phase.
However, the G2 and M phases have an identical DNA content,
and they could not be discriminated based on their differences
in DNA content. Furthermore, the M phase is relatively very



YAN et al.: ON THE MECHANISM OF PLASMA INDUCING CELL APOPTOSIS 2453

TABLE I
SEQUENCES OF THE PRIMERS USED FOR RT-PCR

brief, so it is often written as G2/M phase in biology. Thus,
a one-parameter histogram displays the distribution of cell
contents or, in other words, how many cells contain a given
quantity of DNA. In it, such cell content is assigned to one of
the many classes or channels and is represented on the x-axis,
whereas the number of cells being assigned to a given chan-
nel is referred to as channel content or simply count and is
shown on the y-axis. All cells having about equal quantities
of the cell content, e.g., DNA, form a peak. For a typical
DNA histogram, one peak represents the G1, and another (with
twice the channel value) represents the G2/M phase of the cell
cycle.

The cell cycle analysis of HepG2 cells treated with plasma
is shown in Figs. 2 and 3. An accumulation of cells in G2/M is
observed after 240 s of treatment and 24 h of culture [Fig. 2(b)].
When the cells are treated for 480 s and cultured for 24 h, the
distribution of the G2/M phase cells in the population increased
from 13.4% [Fig. 2(a)] to 49.6% [Fig. 2(c)], and the apoptotic
cells appear [Fig. 2(c)]. When the cells are incubated for
48 h, more apoptotic cells are observed, and the percentage
rose to 33.35% [Fig. 2(f)]. It is evident that the G2/M phase
became the dominant phase in cells treated with plasma in
a time-dependent manner with late apoptosis. These findings
indicate that, at the ranges of the time of treatment studied,
the antiproliferative effect of plasma on HepG2 cells could be
attributed primarily to the induction of G2/M arrest, with less
contribution to the induction of apoptosis.

B. Effects of Plasma Treatment on the Levels of Cell Cycle
Regulatory Genes in HepG2 Cells

The cell cycle is mediated by the activation of a highly
conserved family of protein kinases, i.e., the cyclin-dependent
kinases (Cdks). Activation of a Cdk requires binding to a
specific regulatory submit, termed a cyclin. Together, these

cyclin/Cdk complexes are the cell cycle regulators. The entry
into the M phase is under the control of B-type cyclins, which
also associate with Cdc2. Regulation of cyclin B1/Cdc2 com-
plexes at multiple levels ensures tight control of the timing of
mitotic entry and cell division. Without synthesis of cyclin B1
prior to G2–M transition, Cdc2 remains inactive, the cell cannot
enter mitosis, and the cell cycle will arrest at the G2 phase. P21
is known to inhibit the activities of many cyclin/Cdk complexes.
The common pathway reported is that p53 upregulating p21
resulted in cyclin B1/Cdc2 complex decrease, and then, G2/M
phase arrest happened. Constitutively expressed housekeeping
genes, such as GAPDH, are often used as internal standards for
RT-PCR analysis.

In an attempt to understand the effect of molecular events
involved in cell cycle progression, we next investigate the effect
of plasma on the expression of genes that are pivotal for G2/M
transition, including Cdc2, cyclin B1, and P21 [Fig. 4(a)]. Fig. 4
is part of the agarose gel electrophoresis image. The PCR prod-
ucts of a specific gene can be analyzed and imaged by agarose
gel electrophoresis and be separated by their different lengths.
The intense whiter band in the agarose gel electrophoresis
image indicates the DNA fragments amplified by the PCR
reaction with specific length. The brightness of the band reflects
the quantity of the PCR products. The mRNA levels of cyclin
B1 and Cdc2 are dose-dependently downregulated by plasma
treatment, while those of P21, a potent inhibitor of cell cycle
kinase, are markedly upregulated in plasma-treated HepG2
cells.

C. Alteration of P53 Gene and BCL-2 Family by Plasma
Treatment in HepG2 Cells

To further elucidate the mechanisms of cell cycle arrest
and apoptosis induced by plasma in HepG2 cells, the expres-
sion level of related genes in cells treated with plasma was
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Fig. 2. Cellular DNA content histograms showing the cell cycle phase distribution and apoptosis of HepG2 cells following plasma treatments. The results from
one of the three independent experiments that produced similar results are shown. (a–c) Cells were treated by plasma for 0, 240, and 480 s, respectively, and then
cultured for 24 h. (d–f) Cells were treated by plasma for 0, 240, and 480 s, respectively, and then cultured for 48 h.

investigated [Fig. 4(b)]. The tumor suppressor gene P53 is
known to be a member of the DNA damage-response pathway.
It has been proved that the P53 protein increases at the early
stages of cellular damage in response to a variety of stress-
inducing agents [30]. The P53 gene was analyzed by RT-PCR
after plasma treatments, which showed that the plasma could
induce an upregulation of P53.

The Bcl-2/Bax family is critical for cell survival and cell
apoptosis. The expression of Bcl-2 can block some gene prod-
ucts, which are induced by some apoptosis-inducing factors,
such as ionizing radiations. Therefore, the trend of cell apop-
tosis is reduced. On the contrary, the upregulation of Bax gene
expression promotes cell apoptosis significantly. Therefore, the
decrease of the Bcl-2/Bax ratio can accelerate cell apoptosis,
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Fig. 3. Analysis of the cell cycle of HepG2 cells by FACS after plasma treatment and incubation for different periods. All cells were classified into apoptotic and
cycling cells, and then, cell cycle analysis was carried out in the cycling cells. The cell distributions at each phase of the cell cycle were listed. (a) Cultured for 24
h after plasma treatment. (b) Cultured for 48 h after plasma treatment.

Fig. 4. Effect of plasma on the mRNA expression of (a) cell-cycle-related
genes and (b) apoptosis-related genes in HepG2 cells. Cells were treated with
plasma for 0, 120, 240, 480, 720, and 960 s and cultured for 48 h and then
harvested. The total RNA was extracted, and then, the cDNA was synthesized
from the total RNA, which was subjected to PCR with the indicated primers.
The reaction products were subjected to electrophoresis in 1% agarose gel and
visualized by ethidium bromide staining. GAPDH was used as the internal
control.

while the increase of the Bcl-2/Bax ratio will inhibit apoptosis
of the cells.

Since a plasma could also induce HepG2 cell apoptosis, the
levels of certain pro- or antiapoptotic molecules were checked,
and their levels correlated well with the apoptotic trend of
HepG2 cells induced by treatment with plasma. The result
showed that the expression level of antiapoptotic molecules,
such as Bcl-2, decreased gradually, whereas the level of a
proapoptotic molecule, namely, Bax, which opposes the action
of Bcl-2, was increased by treatment with plasma in a dose-
dependent manner.

IV. DISCUSSION AND CONCLUSION

Shi et al. [15] found that APNP treatment can increase
the percentage of apoptosis in lymphocytes cells, and further
substantiated it by flow cytometric analysis after the annexin
V-FITC/propidium iodide (PI) staining. In the present studies,
we have observed that plasma treatment in vitro increases the

percentage of apoptotic cells actually associated with cell cycle
arrest at the G2/M phase. Plasma treatment does not cause im-
mediate necrosis but initiates complex cascade of biochemical
processes, leading to cell death many hours following plasma
treatment. These observations also suggest the complexity of
intracellular events after plasma treatment.

To further analyze the molecular mechanism by which
plasma treatment causes the cell cycle arrest, we have evaluated
cycle- and apoptosis-related genes at the transcription level.
Cyclin B1, together with Cdc2 kinase, creates a well-known
complex, which is one of the major regulatory elements gov-
erning the G2 to M progression [31]. In this paper, we have
found that cyclin B1 and Cdc2 are decreased at the transcription
level by semiquantitative RT-PCR assay, suggesting that the
plasma might exert a certain effect on the cyclin B1/Cdc2
complex. This suggests that the plasma arrests the cells at the
G2 phase, delaying them to enter the M phase, by the limitation
of the mRNA of cyclin B1 and Cdc2 to the cyclin B1/Cdc2
complex formation. The activity of Cdks is negatively regulated
by binding to Cdk inhibitors in response to a variety of stimuli.

P21 is an important mediator of cell cycle arrest imposed by
the p53 tumor suppressor in response to DNA damage [32].
The present results have clearly indicated that plasma treatment
enhances the expression of the p21 Cdk inhibitor, as well as
p53, at the transcription level, suggesting that the Cdk inhibitor,
namely, p21, also plays an important role in the maintenance of
G2/M cell cycle arrest.

Apoptosis is a genetically regulated biological process with
two major pathways: the death-receptor-induced extrinsic path-
way and the mitochondria-apoptosome-mediated apoptotic in-
trinsic pathway [33]. The Bcl-2 family has a central role in
controlling the mitochondrial pathway. The pro- and antiapop-
totic proteins of the Bcl-2 family may turn apoptosis on and off
because of the formation of heterodimers among these proteins.
The data have demonstrated that the level of Bax is increased,
and that of Bcl-2 is concomitantly decreased in plasma-treated
HepG2 cells, which suggests that the plasma induced apoptosis
through shifting the Bax/Bcl-2 ratio in favor of apoptosis.

In summary, we have demonstrated that plasma treatment
in vitro has been shown to increase the percentage of apoptotic
cells actually associated with cell cycle arrest at the G2/M phase
in a dose-dependent manner, probably by modulating the cyclin
B1 and Cdc2 levels, and this modulation is associated with the
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induction of p21. Furthermore, the plasma also induce con-
comitant apoptosis by increasing the Bax/Bcl-2 ratios, which
is accompanied by the upregulation of the p53 tumor suppres-
sor. Although more study is needed to examine the detailed
mechanisms, the results provide important new insights into
the possible molecular mechanisms of the anticancer activity
of plasma.

Furthermore, atmospheric plasmas have been operated in
open air at room temperature, so this device may have potential
therapeutic activities in cancer therapy, particularly if, by ma-
nipulation of plasma parameters, the treatment could be made
selective to cancerous cells over healthy cells, and it may be
used in the postoperative treatment process.
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