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Abstract. Cancer is a major disease currently endangering 
the entire world population. Morbidity and mortality have 
increased substantially during recent decades. Radiotherapy is 
a primary treatment for malignant tumors, however side‑effects 
and tumor cell resistance to ionizing radiation reduce the 
efficacy of radiotherapy. In recent years, non‑thermal plasma 
(NTP) technology been used to treat cancer. In this study, we 
investigated the toxic effects of NTP on normal cells and tumor 
cells. We explored the inhibitory effect of NTP on tumor cell 
proliferation and evaluated the radiation‑sensitizing effects of 
NTP on tumor cells and its mechanisms. In short, we examined 
the effect of NTP‑combined radiation on proliferation, the 
cell cycle, apoptosis and DNA damage in normal and cancer 
cells. We found that NTP inhibited proliferation and induced 
apoptosis in tumor cells. NTP was more lethal to tumor cells 
than to normal cells. We found promising synergies of NTP 
with radiotherapy on cancer cells owing to their combined 
cytotoxic effects by generating ROS, inducing cell cycle arrest 
and apoptosis. NTP may be a new candidate for the treatment 
of cancer.

Introduction

Cancer has emerged as a leading threat to human health 
worldwide (1). Radiation therapy is a primary treatment for 

malignant tumors; it can be administered as monotherapy 
or can be combined with surgery, chemotherapy, or other 
therapies. Ionizing radiation causes cytotoxicity through 
the generation of reactive oxygen species (ROS). Excessive 
oxidative stress causes DNA double‑strand breaks (DSB), 
activating the DNA‑damage response (DDR) system (2‑4), 
inducing DNA damage repair, cell cycle arrest and cellular 
protein damage. In the process, the damage inhibits meta-
bolic activity and causes mitochondrial malfunction in 
cancer cells, eventually leading to cell death  (5). Tumor 
cells are thought to generate more ROS than their normal 
counterparts. Therefore, compared with normal mammalian 
cell lines, cancer cell lines are more sensitive to the oxidative 
stress induced by radiotherapy (6,7). However, the sensitivity 
of various cancer cells limits the use of radiation therapy. 
Thus, selectivity to efficient killing of cancer cells without 
adverse toxicity to normal cells is one of the most important 
therapeutic considerations in assessing new cancer thera-
peutic strategies.

Non‑thermal plasma (NTP) generated at room tempera-
ture is a gas mixture composed of ions, electron, photons 
and free radicals at any desired location and intensity (8). It 
produces large amounts of short‑ and long‑lived molecules 
including oxygen, such as ozone (O3), superoxide anion (O2

‑), 
hydrogen peroxide (H2O2), hydroxyl radicals (HO·) and other 
generating‑ROS species (5), depending on the concentration 
of the active species in the medium by generating extracel-
lular ROS (9). Recently, NTP technology has been applied 
in many scientific and technological fields, including blood 
coagulation (10,11), promotion of wound healing (12,13) and 
sterilization of tissues and devices (14). It is worth emphasizing 
that NTP as a potential therapy for cancer has been attracting 
more attention by oncologists. Many studies have revealed that 
plasma effectively kills many types of cancer cells primarily 
via oxidative damage resulting in cytotoxicity both in vitro 
and in vivo  (15‑19). Another study also revealed the lower 
harmful effects on normal tissues than in tumors in an in vivo 
model at appropriate dosages (20). In addition, recent studies 
have indicated that NTP combined with conventional chemo-
radiotherapy or precise targeting could represent promising 
treatments for cancer (5,21,22).

In the present study, we evaluated whether the combina-
tion of NTP with radiotherapy was a viable approach both 
in  vitro and in  vivo. We also investigated the molecular 

Non‑thermal plasma inhibits tumor growth and proliferation 
and enhances the sensitivity to radiation in vitro and in vivo

LIN LIN1*,  LILI WANG1*,  YANDONG LIU1,  CHAO XU1,  YU TU2  and  JUYING ZHOU1

1Department of Radiation Oncology, The First Affiliated Hospital of Soochow University, Suzhou, Jiangsu 215006; 
2School of Radiation Medicine and Protection, Medical College of Soochow University, Suzhou, Jiangsu 215123, P.R. China

Received February 24, 2018;  Accepted September 17, 2018

DOI: 10.3892/or.2018.6749

Correspondence to: Professor Yu Tu, School of Radiation Medicine 
and Protection, Medical College of Soochow University, 199 Renai 
Road, Suzhou Industrial Park, Suzhou, Jiangsu 215123, P.R. China
E‑mail: tuyu@suda.edu.cn

Professor Juying Zhou, Department of Radiation Oncology, The 
First Affiliated Hospital of Soochow University, 188 Shizi Street, 
Suzhou, Jiangsu 215006, P.R. China
E‑mail: zhoujuyingsy@163.com

*Contributed equally

Key words: non-thermal plasma, ionizing radiation, cancer cell 
line, proliferation, xenograft

https://www.spandidos-publications.com/10.3892/or.2018.6749


LIN et al:  NNTP inhibits tumor proliferation and enhances the radiosensitivity3406

anticancer mechanisms. To this end, we examined the effect 
of NTP‑combined radiation on the proliferation, the cell cycle, 
apoptosis and DNA damage of normal and cancer cells. We 
found a promising combination of NTP with radiotherapy 
on cancer cells owing to their synergistically cytotoxic 
effects by generating ROS, inducing cell cycle arrest and 
apoptosis.

Materials and methods

Cell culture. Three mammalian malignant tumor cell lines 
and one mammalian normal cell line were used in this study. 
A549 (human non‑small cell lung cancer cells), HeLa (human 
cervical cancer), HepG2 (human hepatoblastoma) (23) and 
GM0637 (human skin fibroblasts) cell lines were kind gifts 
from Professor Fan Saijun, Suchow University, Jiangsu, 
China. The cells were cultured in high‑glucose Dulbecco's 
modified Eagle's medium (DMEM; Hyclone; GE Healthcare 
Life Sciences, Logan, UT, USA) supplemented with 10% fetal 
bovine serum (FBS). All stock cultures were maintained in 
5% CO2 and humidified air at 37˚C.

Animals. Healthy nude male mice, weighing 250‑300  g 
were provided by the Laboratory Animal Center of Suchow 
University. Six‑week old nude mice were raised in large 
plastic cages with a maximum of six mice per cage at 40‑60% 
humidity, 19‑23˚C. The mice were maintained on a 12‑h 
light/dark period with 12‑15 air exchanges/h and were fed with 
food and water ad libitum. The nude mice were sacrificed by 
cervical dislocation. The animal experiments were approved 
by the Ethics Committee of the First Hospital Affiliated to 
Soochow University.

Non‑thermal jet plasma. The output voltage (3 kV) and current 
(40 mA) waveforms have a profile with an average power of 
12 W. In our previous study, the pore diameter for non‑thermal 
plasma was 5 mm and the tube was 10 mm away from the 
cultured cells. The working temperature of the plasma source 
was in the range of 24‑32˚C at the time of treatment. The 
plasma plume filled with mixed gas with argon and oxygen 
had a length of 15 mm.

Ionizing radiation. X‑radiation was delivered by a 6  MV 
linear accelerator (Primus, Siemens, Germany) at a dose 
rate of 2 Gy/min with a source‑to‑target distance of 1 m. For 
tumor irradiation, animals were anesthetized with isoflurane 
and positioned to place the tumor in the center of 1.0x1.0 cm 
radiation field, with the remainder of the animal shielded from 
radiation.

Cell proliferation assay. After seeding the cells in 96‑well 
plates at a density of 5x103  cells/well, the effect of irra-
diation and/or NTP treatment on cell viability was analyzed 
24 h after treatment using an assay based on the conversion 
of 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl‑tetrazolium 
bromide (MTT; Sigma Aldrich; Merck KGaA, Darmstadt, 
Germany). Briefly, after the addition of MTT solution to the 
cell suspension (40 µl) for 4 h, the remnant formazan product 
was dissolved in 100 µl of DMSO. The optical density of 
each well was measured using a microplate reader (Bio‑Tek, 

Winooski, VT, USA) at 540 nm. The results were presented as 
percentages relative to control cells.

Colony formation assay. Exponentially growing cells were 
trypsinized as a single cell suspension, diluted serially to 
appropriate densities and seeded in triplicate in six‑well plates. 
After cell adhesion, they were treated with plasma (20 sec) for 
24 h, and then subjected to 0, 2, 4, 6 or 8 Gy X‑rays. The cells 
were then washed with PBS, cultured in drug‑free medium for 
14 days, fixed with methanol, and stained with Giemsa. Only 
colonies containing >50 cells were scored. The surviving frac-
tion (SF) of each irradiation group was corrected by the plating 
efficiency (PE) of the non‑irradiated control. The cell survival 
curves were fitted according to a multi‑target single‑hit model 
and the survival enhancement ratio (SER) was calculated as 
the ratio of the mean inactivation dose in control cells divided 
by the mean inactivation dose in plasma‑treated cells. The 
experiment was performed in triplicate.

Immunofluorescence staining. Immunofluorescence detection 
of phospho‑H2AX foci was performed to monitor formation 
of DNA double‑strand breaks (DSBs). Cells cultured on cover-
slips were treated with plasma for 20 sec and were irradiated 
with a dose of 4 Gy to assure a discrimination of individual 
nuclear foci in immunofluorescence staining. At indicated 
time‑points, the cells were fixed with 4% paraformaldehyde 
for 20 min at room temperature and were permeabilized with 
0.1% Triton X‑100 for 10 min at 4˚C. After blocking with 
Immunol Staining Blocking Buffer (Beyotime Institute of 
Biotechnology, Shanghai, China) for 1 h at room temperature, 
the cells were incubated with antibody for phospho‑H2AX 
(Ser139) (1:1,000 dilution; cat. no. ab2893; Abcam, Cambridge 
Science Park, Cambridge, UK) at 4˚C overnight, followed 
by staining with f luorescein (FITC)‑conjugated rabbit 
anti‑mouse IgG (10 µg/ml dilution; cat.  no.  315‑005‑045; 
Jackson ImmunoResearch, West Grove, PA, USA) for 1.5 h at 
room temperature. Finally, the samples were counterstained 
with 2 µg/ml DAPI and mounted in 3 µl of mounting medium 
(Beyotime Institute of Biotechnology). Three random fields 
each containing 50  cells were examined at a magnifica-
tion of x100 under a Zeiss LSM5 confocal laser‑scanning 
microscope (CarlZeiss, Jena, Germany). Nuclei containing 
≥10 immunoreactive foci were scored as positive for γ‑H2AX.

Flow cytometry for cell cycle detection. HeLa and HepG2 cells 
were harvested after 24‑h treatment with non‑thermal plasma 
(20 sec) and/or 4 Gy X‑rays, respectively. After washing with 
ice‑cold PBS, the cells were fixed with ice‑cold 70% ethanol 
and stored at ‑20˚C for 1 h. Before analysis by flow cytometry, 
the cells were washed with PBS, resuspended in a staining solu-
tion containing 20 µl RNase A solution and 400 µl propidium 
iodide staining solution (Beyotime Institute of Biotechnology). 
Then, cell cycle distribution assessment was performed 
using a fluorescence‑activated cell sorter (BD FACSCalibur, 
BD Biosciences, Franklin Lakes, NJ, USA).

Western blot analysis. Cells were harvested and homogenized 
in RIPA lysis buffer (cat. no. P0013C; Beyotime Institute of 
Biotechnology) and centrifuged at 14,000 x g for 20 min at 4˚C. 
Protein concentrations of the supernatants were determined 
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using a BCA Protein Quantification Kit (Vazyme Biotech Co., 
Ltd., Nanjing, China). Western blot analysis was performed by 
first loading 60 µg of protein per lane which was separated using 
by SDS‑PAGE on a 7% gel. Then the proteins were transferred 
to polyvinylidene difluoride membranes, and then blocked 
for 15 min at room temperature using QuickBlock Blocking 
Buffer (cat. no. P0252; Beyotime Institute of Biotechnology). 
The membranes were then incubated for 16 h at 4˚C using 
mouse polyclonal antibodies to human cyclin B1 (1:1,000 dilu-
tion; cat. no. sc‑245), Cdc2 (1:1,000 dilution, cat. no. sc‑53219) 
and phospho‑Cdc2 (1:1,000 dilution, cat. no. sc‑12340‑R; all 
from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).

Statistical analysis. All data were expressed as the 
mean ± standard deviation (SD). All statistical significances 
were evaluated by one‑way ANOVA among multiple groups, 
and LSD‑t test between two groups, using SPSS statistics 17.0 
software (SPSS, Inc., Chicago, IL, USA). A P‑value <0.05 was 
considered to indicate a statistically significant difference.

Results

Plasma device and experimental setup. Fig.  1A displays 
a schematic illustration of the NTP jet used in this study. 
The instrument consisted of four parts: a quartz tube, two 
electrodes, a gas mixer and a funnel‑shaped nozzle. The output 
voltage (3 kV) and current (40 mA) waveforms had a profile 

with an average power of 12 W. In our previous study, the pore 
diameter for NTP was 5 mm and the tube was 10 mm from 
the cultured cells. The working temperature of the NTP source 
was 24‑32˚C at the time of treatment. An image of the NTP jet 
is displayed in Fig. 1B. The NTP plume filled with pure argon 
had a length of 15 mm.

Ionizing radiation combination with NTP inhibits the 
proliferation of malignant tumor cells and normal cells. 
In order to select a suitable Ar/O2 gas flow ratio, the MTT 
assay was used to measure the metabolic viability of HeLa 
(cancer cells) (Fig. 1C) and GM0637 (normal cells) (Fig. 1D) 
treated by NTP with various Ar/O2 ratios. A pure Ar‑group 
with a flow rate 3 l/min was used as a reference to exclude 
the gas effects of NTP. It was found that after 24 h of incu-
bation, mixed gases where argon had a flow rate of 3 l/min 
and oxygen had a flow rate of 20 ml/min (3000:20) decreased 
the metabolic viability of HeLa cells by 4.8% (P<0.05), 7.5% 
(P<0.05), 11.6% (P<0.05) and 22.0% (P<0.05) at 20, 80, 160 
and 320 sec, respectively, compared to the metabolic viability 
of the pure Ar‑group. Using a working gas with the flow rate 
of 3000:12, a substantial decrease in viability was noted, 
6.9% (P>0.05), 20.0% (P<0.05), 16.5% (P<0.05) and 24.6% 
(P<0.001) for 20, 80, 160 and 320 sec, respectively, compared 
to viability of the Ar‑group. When the Ar/O2 gas flow ratio 
was 3000:60, there was surprisingly less suppression after 
treatment for 160 sec (P<0.01) and 320 sec (P<0.001) than for 

Figure 1. Plasma device and experimental setup. (A) Image of the home‑made NTP jet system. (B) Schematic illustration of the NTP jet used in this study. 
Metabolic viability of (C) HeLa (cancer cells) and (D) GM0637 cells (normal cells) treated by NTP with different Ar/O2 ratios. The results were calculated as 
the percentage of viable cells and presented as the mean ± SD (n=3). Compared to pure Ar‑group, the significance was indicated as *P<0.05, §P<0.01, #P<0.001. 
NTP, non‑thermal plasma.
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the pure Ar‑group at the same time. However, for the GM0637 
cells, we found no significant inhibition in all four groups 
(P>0.05) until exposures of 320 sec, at which time there was 
a similar effect as observed in HeLa cells (P<0.05). Our data 
indicated that the inhibitory effect of NTP on tumor cells such 
as HeLa was more substantial than the effect on normal cells 
such as GM0637. We also observed that a mixed gas exhibited 
an inhibitory effect on the growth of HeLa cells in an exposure 
time‑dependent manner compared to the control group.

Next, we evaluated the toxic effects of NTP on four malig-
nant tumor cell lines (HeLa, A549, HepG2 and GM0637 cells) 
after 24 h of incubation with NTP at increasing time‑points 
(Fig. 2A). The IC50 values of plasma on HeLa, A549, HepG2 
and GM0637 cell lines were 166, 144, 155 and 208  sec, 
respectively. All malignant tumor cells exhibited a significant 
decrease (P<0.05) at 80, 160 and 320 sec compared with the 
control group, and not surprisingly, we also observed a much 
lower inhibitory effect on the GM0637 cells (P<0.05). The 
sub‑toxic time of NTP (20 sec) was adopted to investigate 
cancer cell proliferation inhibition by NTP combined with 
radiotherapy or alone.

A colony formation assay was used to detect the radiosen-
sitivity of NTP to various cells (Fig. 2B). We found that NTP 
promoted radiation‑induced clonogenic malignant tumor cell 

death in a dose‑dependent manner. When the treatment time 
of NTP reached 20 sec, the sensitization enhancement ratios 
(SERs) of HeLa (Fig. 2C), A549 (Fig. 2D), HepG2 (Fig. 2E) 
and GM0637 (Fig. 2F) cells were 1.29, 1.30, 1.28 and 1.03, 
respectively. These data indicated that NTP substantially 
enhanced malignant tumor cell death in three irradiated 
malignant tumor cell lines, while in normal cells (GM0637 
cells) there was a weak difference in cell death between the 
irradiated group and the combination treatment group. In other 
words, NTP combined with ionizing radiation significantly 
inhibited the proliferation of tumor cells more than that of 
normal cells.

NTP enhances radiation‑induced DNA damage in malignant 
tumor cells. In order to understand the effect of NTP on cell 
DNA damage, we detected γ‑H2AX foci in HeLa and HepG2 
cells by immunofluorescence with four groups including 
control, NTP, IR and NTP+IR groups. As displayed in Fig. 3A, 
NTP (20 sec) and irradiation (4 Gy) both produced γ‑H2AX 
signals at 2 to 24 h after treatment. A peak was observed at 
6 h, leading to a substantial increase in γ‑H2AX staining in 
the NTP (56.3±7.8%, P<0.001), IR (77.0±10.4%, P<0.001) and 
NTP+IR groups (84.0±3.6%, P<0.001). In addition, NTP+IR 
resulted in a significant prolongation of γ‑H2AX signals at 12 h 

Figure 2. Ionizing radiation combination with NTP inhibits the proliferation of the malignant tumor cells and normal cells. (A) HeLa, A549, HepG2 and 
GM0637 cells were treated by increasing exposure time to NTP alone. Cell viability was assessed at 24 h after treatment. The Ar/O2 ratio of NTP was 3000:20. 
The results were calculated as the percentage of viable cells and presented as the mean ± SD (n=3). Compared to control, the significance was indicated as 
*P<0.05, §P<0.01, #P<0.001. (B) The schematic diagram represented the proposed experimental plan to treat the cancer and normal cells using plasma and 
radiation. Colony formation assays were performed, and these cells were exposed to NTP for 20 sec, and to different doses of ionizing radiation. After 10 days 
colonies were counted and plotted as the percent survival fraction for (C) HeLa, (D) A549, (E) HepG2 and (F) GM0637 cells. The data are expressed as the 
mean of three independent experiments and the error bars indicate ± SD. NTP, non‑thermal plasma.
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(70.7±6.7%) and 24 h (62.7±7.5%) compared with the IR group 
(33.3±3.2 and 12.3±2.5%, respectively) in HeLa cells (P<0.001 
and P<0.001, respectively). We also assessed γ‑H2AX foci in 
HepG2 cells (Fig. 3B). Similarly, a peak at 6 h was found, 
exhibiting a maximum number of γ‑H2AX foci‑positive cells 
in the NTP (54.3±4.0%, P<0.001), IR (68.3±2.5%, P<0.001) 
and NTP+IR groups (82.0±5.3%, P<0.001). Concurrently, a 
significant prolongation of γ‑H2AX signals was observed 
at 12 (67.3±3.1%) and 24 h (59.0±6.6%) compared with the 
IR group (37.6±3.2, 6.3±1.5% respectively) in HepG2 cells 
(P<0.001, P<0.001 respectively). These results indicated that 
NTP significantly inhibited the repair of DSBs manifesting as 
the persistence of γ‑H2AX foci at 2 to 24 h after treatment 
compared with irradiation alone.

NTP induces G2/M phase arrest and modulates cell cycle 
regulatory proteins in malignant tumor cells. To explore the 
effect of NTP combined with radiation on cell cycle arrest, the 
cell cycle distribution of HeLa and HepG2 cells were exam-
ined by flow cytometry at 24 h after treatment, and the HeLa 
and HepG2 cells were exposed to 20 sec of NTP and 4 Gy of 

radiation. As shown in Fig. 4A and B the distribution of cell 
cycle phases in both cell lines after 24 h of treatment with 
IR, NTP and IR+NTP was revealed. It is important to point 
out that both NTP and ionizing radiation induced G2/M phase 
arrest alone, and the combination significantly increased cell 
cycle arrest. These cells were arrested in the G2/M phase of the 
cell cycle induced by irradiation alone (34.5±1.8%, P<0.001 
for HeLa and 35.1±1.6%, P<0.001 for HepG2 cells). With the 
addition of a 20‑sec exposure to NTP, accumulation at G2/M 
was enhanced by 18.1±4.9% (P<0.01) and 9.2±2.7% (P<0.01) 
for HeLa and HepG2 cells, respectively. G2/M arrest in cells 
treated by NTP alone ranged from 7.9 to 15.7%, (P<0.01) for 
HeLa and from 10.4 to 19.3%, (P<0.01) for HepG2 cells. These 
data indicated that NTP impacted the progression of malignant 
tumor cells from the G2 to M phase.

To further explore the possible mechanisms underlying 
NTP‑induced cell cycle arrest at 24 and 48 h, the expression 
profiles of cyclin B1 and cyclin‑dependent kinase 1 (Cdc2) 
were determined by western blotting in HeLa (Fig. 4C) and 
HepG2 (Fig. 4D) cells treated with 20 sec of NTP and 4 Gy 
of radiation. The Cdc2‑cyclin B1 complex is the key enzyme 

Figure 3. NTP enhances radiation‑induced DNA damage in malignant tumor cells. Compared to IR‑treated group, NTP led to a significant increase in γ‑H2AX 
staining in (A) HeLa cells and (B) HepG2 cells. The cells were treated with 20 sec of plasma and then exposed to 4 Gy of X‑rays. At the indicated time‑points, 
the cells were fixed for immunofluorescence detection of γ‑H2AX (red) foci. Scale bar, 10 µm. Data were expressed as the percentage of cells staining positive 
for foci and plotted as the mean SEM of 3 independent experiments. Nuclei staining ≥10 immunoreactive foci were scored as positive for γ‑H2AX. At least 
100 nuclei were counted for each experiment. The significance was indicated as *P<0.05, #P<0.001, as compared to the IR‑treated group. NTP, non‑thermal 
plasma.
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Figure 4. NTP induces G2/M phase arrest and modulates cell cycle regulatory proteins in malignant tumor cells. (A) HeLa and (B) HepG2 cells were treated 
with plasma, radiation or the combination modality for 24 h and then harvested for analysis of cell cycle distribution by flow cytometry. (C and D) We analyzed 
the expression profile of G2/M checkpoint‑related proteins: Cyclin B1, Cdc2 and phospho‑Cdc2 (p‑Cdc2) by western blotting in the two different cell lines. 
The data are the representation of three independent experiments and the error bars indicate ± SD. NTP, non‑thermal plasma.
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regulating G2 to M transition and is controlled by phosphoryla-
tion at various sites. We found that treatment with NTP alone 
slightly increased basal levels of phospho‑Cdc2 (p‑Cdc2) 
and cyclin B1 at 24 h, but the expression levels of the Cdc2 
protein were almost not affected, compared to those of the 
control group. Western blot analysis revealed that combina-
tion treatment markedly increased the levels of p‑Cdc2 and 
cyclin B1 in both cell lines at 24 h compared with those of 
the IR group. Concurrently, the protein levels of Cdc2 exhib-
ited no significant differences in the IR group and NTP+IR 
group at 24 h. Additionally, a substantial increase of cyclin 
B1 was detected at 48 h, but the expression levels of Cdc2 and 
p‑Cdc2 protein were not affected. Therefore, NTP appeared to 
promote radiation‑induced Cdc2 phosphorylation and cyclin 
B1 accumulation thus regulating G2 to M transition.

Ionizing radiation in combination with NTP inhibits the growth 
of tumors in male nude mice. We assessed the radio‑sensitizing 
effects of NTP on hepatoblastoma cells in vivo, using male nude 
mice bearing HepG2 cell xenograft tumors. We examined the 

skin of the mice after NTP or radiation treatment and did not 
observe any damage to the skin after 1‑20 days of treatment. 
We found that tumors exhibited significant changes before and 
after treatment (Fig. 5A). As shown in Fig. 5B, NTP or irradia-
tion alone produced significant tumor volume regression by 
day 20, reducing tumor volume by 19.7% (P<0.05) for NTP 
and 35.4% (P<0.001) for the IR group, compared to volume 
of the control group. However, the combination of plasma and 
radiation produced more tumor volume regression by 53.7% 
(P<0.001) for the NTP+IR group. Notably, combined treat-
ment prolonged the time required for tumor volume doubling 
relative to radiation or NTP alone. However, we observed 
no complete regression with either treatment alone. All four 
treatments were well tolerated by the animals until the end 
of the treatment course with no evidence of local serious skin 
damage or systemic toxicity such as weight loss (Fig. 5C).

Tumor weight measurements performed 24 h after the end 
of the treatment course (Fig. 5D) revealed lower tumor weight 
of 30.4% (P>0.05) for NTP, 41.1% (P<0.05) for IR and 55.4% 
(P<0.05) for the NTP+ IR group, compared to the weight of the 

Figure 5. Ionizing radiation in combination with NTP inhibits the growth of tumors in male nude mice. When tumors reached 100±30 mm3, male nude mice 
were randomly assigned into four groups: control, plasma (20 sec, NTP), radiation (3 Gy, IR) or the combination (NTP+IR) treatment, five mice per group. 
Mice in all four groups were sacrificed 20 days after treatment. (A) Typical images of mice with a single tumor before and after treatment are displayed. 
(B) The tumor volume was assessed at the indicated time‑points after the onset of treatment on the established tumor in a murine hepatoblastoma model. The 
results were calculated and presented as the mean ± SD (n=5). Compared to the control, the significance was indicated as *P<0.05, #P<0.001. (C) Body weight 
of mice with different treatments was assessed at the indicated time‑points. (D) We compared the tumor weight when the mice were sacrificed at 20 days 
after treatment and the images revealed the typical size of the four groups. The significance was indicated as §P<0.01, as compared to the IR‑treated group. 
NTP, non‑thermal plasma; NTP, non‑thermal plasma.
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control group. In addition, we found a significant difference 
between the IR and combined treatment groups (P<0.05). The 
typical tumor size of these four groups also showed a similar 
change. This indicated that NTP enhanced radiosensitivity of 
hepatoblastoma cells in vivo without serious skin damage or 
systemic toxicity.

Ionizing radiation in combination with NTP enhances 
antitumor activity in  vivo. We performed a microscopic 
examination using H&E staining after the end of the treatment 
course (20 days) (Fig. 6A). The hepatoblastoma mouse model 
treated with combined therapy exhibited a looser arrange-
ment of cancer cells and larger areas of necrosis compared 
with cells with NTP or radiation treatment alone. As shown in 
Fig. 6B, TUNEL staining after the end of the treatment course 
(20 days) revealed that, compared to the control group, NTP 
or radiation treatment alone increased the number of apoptotic 
cells from 1.0 to 5.8% (P<0.05) or 7.5% (P<0.05), respectively. 
We also observed a significantly enhanced level of apoptotic 
cells (11.0%, P<0.05) in the combination treatment group 
compared to the control treatment group.

We also investigated changes in the nuclear membrane 
and mitochondria by electron microscope at 20 days after 
treatment. The nuclear membrane, which in NTP or radiation 
treatment alone became thicker than that of the control group, 

exhibited no significant destruction of its structural integrity. 
However, in the combination treatment group, we not only 
found a thicker nuclear membrane, but also cell shrinkage, 
nuclear chromatin condensation and fragmentation (Fig. 6C). 
Similar changes were observed in the structure of mito-
chondria of tumor tissue (Fig. 6D). Substantial numbers of 
swollen mitochondria were found in the plasma and radiation 
treatment groups. In the combined group, marked changes 
could be found in the tumor tissue, including formation of 
mitochondrial vacuoles and apoptotic bodies. Collectively, 
these results indicated that NTP and radiation combination 
treatment altered mitochondrial metabolism, inducing apop-
totic cell death.

Discussion

The scheme of our NTP jet device was based on the myriad 
potential clinical applications of NTP, including the most 
important species generated by NTP, high levels of ROS 
for the inhibition of cancer growth (5,8,9,24). We simplified 
the gas mixture to oxygen and argon only. First, in order to 
exclude the physical effect of gas flow imposing physical 
shear stress on the adherent cells, we designed a set of experi-
ments using pure argon with a flow rate of 3 l/min. Then, we 
selected the most suitable Ar/O2 gas flow ratio. Three groups 

Figure 6. Ionizing radiation in combination with NTP enhanced the antitumor activity in vivo. (A) H&E and (B) TUNEL staining were analyzed for apoptosis 
in tumor sections after NTP, radiation and the combination modality at 20 days after treatment. Scale bars, 50 µm for H&E staining and 20 µm for TUNEL 
staining. The electron microscope was used to observe the changes of (C) the cell nucleus and (D) mitochondria in different groups after 20 days of treatment. 
Scale bars, 2 µm for the cell nucleus and 1 µm for mitochondria. All the results were obtained from three independent experiments. NTP, non‑thermal plasma.
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with various mixture flow rates of oxygen were set. At oxygen 
flow rates of 12 and 20 ml/min, an exposure time‑dependency 
was observed in HeLa cells, but no significant changes were 
observed in GM0637 cells. These results indicated that ROS 
generated by NTP treatment may have led to much more 
harm to cancer cells than to normal cells at the same doses. 
The distinctive cellular responses may be related to differ-
ential adhesion behavior, metabolic viability and resistance 
to oxidative stress between mammalian cancer cells and 
normal cells  (5,25). Pro‑apoptotic genes were upregulated 
and anti‑apoptotic genes were downregulated concurrently by 
ROS such as O3, O2

‑, H2O2, HO· in cancer cells, and eventually 
cells underwent apoptosis (5). However, treatment of mixed 
gas with oxygen at 60 ml/min, gave rise to even less cell death 
in both cell lines compared with rates in the control group. 
The possible explanation for the observed phenomenon is that 
much higher levels of ROS may activate DNA damage repair 
pathways and may enhance cell growth. This notion requires 
further study in detail.

In the present study, we revealed that NTP inhibited cell 
growth in an exposure time‑dependent manner. Next, we 
observed that, at a short exposure time (20 sec), NTP enhanced 
radiation‑induced inhibition of growth of malignant tumor 
cells, while there was hardly reduction of growth of normal 
cells. Radiosensitization by NTP in cancer cells was associ-
ated with great DNA damage as well as cell cycle arrest in the 
G2/M phase.

Various exogenous DNA‑damaging factors, such as 
non‑thermal plasma, ionizing radiation and a large number 
of chemical substances, attack DNA inducing simple DNA 
mutations, DNA single and double‑strand breaks (SSB, DSB), 
or more complex changes (26,27). The cellular responses to 
DNA damage, collectively known as DDR, act as a biological 
barrier to constant exposure to DNA‑damaging agents (28). 
DDR engages signaling pathways that regulate DNA repair 
pathways, as well as transit through the cell cycle and apop-
tosis  (29). Recent studies revealed that activation of DDR 
prevented tumorigenesis by inducing cellular senescence or 
apoptosis of cancer cells (30,31). Consequently, we believe 
that cellular responses to DNA damage as well as cell cycle 
checkpoint responses are key issues in the pathogenesis of 
cancer. Although cellular proliferation is tightly controlled 
by several Cdk‑cyclin complexes that control the mammalian 
cell cycle division (32), the genes encoding these proteins are 
often disrupted via alterations such as p53 mutations inducing 
lack of a functional G1 checkpoint, hence causing unrestrained 
cancer growth (33). Therefore, an attractive approach may rely 
on intact G2 checkpoints governed by Cdk1 (Cdc2)‑cyclin B, 
allowing extended time to cell senescence or apoptosis prior to 
mitosis in response to DNA‑damaging agents (28).

In support of this notion, we found that NTP combined with 
irradiation significantly increased persistent γ‑H2AX expres-
sion in malignant tumor cells that lasted for a much longer time 
than was observed with irradiated cells only. The impairment 
of DNA could enhance apoptosis induced by combination treat-
ment. Consistently, we demonstrated that NTP inhibited cancer 
cell growth and active cell senescence by inducing G2/M cell 
cycle arrest. It has already been well established that early events 
regulating cell cycle arrest in the DDR include activation of 
the key signaling pathways ATM/CHK2 (ataxia‑telangiectasia 

mutated/checkpoint kinase  2) and ATR/CHK1 (ATM and 
RAD3‑related/checkpoint kinase 1) (34,35). Previous studies 
revealed that ionizing radiation induced the ATM pathway, 
while NTP induced the ATR pathway (36,37). Subsequently, 
both pathways synergistically resulted in a stable state of 
proliferative arrest of the G2/M phase, leading to cancer 
cell death (38,39). Furthermore, it is worth mentioning that 
the popular therapeutic targets of cancer treatment include 
the myriad inhibitors of cell‑cycle checkpoints that disrupt 
radiation‑induced G2/M checkpoints. Earlier studies found that 
abrogating G2/M arrest led to decreased repair of DNA damage 
that may take place before cell division, resulting in preferential 
malignant tumor cell death (40,41). In the present study, we 
highlighted the role of a low dose of non‑thermal plasma that 
induced malignant tumor cell senescence by causing cell cycle 
arrest of the G2/M phase, indicating similar results with some 
recent studies (38,39,42).

We believe that NTP induces G2/M cell cycle blocking, 
however, the G2/M phase is only the most sensitive period 
for radiation treatment. Therefore, a small dose of NTP may 
constitute an effective radiotherapy sensitization. However, we 
speculate as to whether this kind of cell cycle arrest is lasting 
and irreversible, or short and reversible. If the former, NTP 
could represent a promising clinical outcome in that cancer 
cells would always stay at the G2 phase, and never proceed 
to mitosis. If the latter, while growth of tumor cells would 
be suppressed at first, there would subsequently be explosive 
growth, leading to disease recurrence. Clinically, this may 
be detrimental to long‑term survival, since the recovery of 
self‑healing may be the beginning of a recurrence of malig-
nant tumors. Therefore, further mechanistic study is required 
and we will focus on this further.

Further studies of combined treatment in eligible animal 
models were carried out. We found that plasma combined with 
ionizing radiation inhibited malignant tumor growth in vivo. 
It should also be noted that the mitochondrial apoptosis 
pathway was activated and various morphological changes 
occurred, including chromatin condensation and cell blebbing. 
Combination treatment may induce mitochondrial ROS accu-
mulation, resulting in excessive mitochondrial fragmentation 
and clustering that are now thought to act as central coordina-
tors of cell death (43‑45). However, the molecular mechanisms 
remain unknown and require further study.

To the best of our knowledge, this is the first study to reveal 
the combined effects of treatment with NTP and radiation. 
Collectively, our data strongly support the conclusion that 
combination treatment can preferentially and selectively kill 
malignant tumor cells in vitro and inhibit tumor growth in vivo. 
Additionally, we also found that combination treatment activated 
DDR in malignant tumor cells, allowing DNA damage and cell 
cycle arrest. Moreover, the mitochondrial apoptosis pathway 
was activated, inhibiting malignant tumor growth in an animal 
model. Finally, we conclude that this combination treatment may 
represent a novel strategy for malignant tumor therapeutics, and 
this study may provide some basis with which to understand its 
essential mechanisms.
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