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Abstract

Non-thermal plasma has been a promising new cancer treatment modality in plasma oncol-
ogy field. It generates extracellular and intracellular reactive species which are key factors
for the treatment of cancer cells. In this study, we investigated the differential effect of
non-thermal plasma on both A549 lung adenocarcinoma and MRC-5 lung fibroblast cells.
Extracellular generation of reactive species in both A549 lung cancer and MRC-5 normal
lung fibroblast cells were similar, whereas intracellular penetration of reactive species gen-
erated by plasma in A549 cancer cells were almost fourfold higher than the normal cells.
Interestingly, A549 cancer cells treated for shorter (15 and 30 s) and longer durations (60
and 120 s) get arrested in S-phase (19%) and G2/M phase (28%) respectively. In a healthy
MRC-5 cells, few cells arrested in S and G2/M phase in relative to A549 cells for all treat-
ment time. Finally, we evaluated the expression of apoptosis-related genes, H2AX, BAX,
P53, Caspase-8, and ATM on normal and cancer cells. There was a higher expression of
BAX gene for 120 s plasma treated A549 cell samples at day 1 relative to MRC-5 cells.
These findings demonstrate that non-thermal plasma generated reactive species creates
intracellular stress, that arrests cell cycle and induces apoptosis in cancer cells. This study
suggests that non-thermal plasma could be a potential therapy for lung cancer treatment.
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Introduction

According to the American Lung Association, lung cancer is one of the major cancer-
related deaths worldwide and in the United States [1, 2]. Radiotherapy, chemotherapy,
and surgery are commonly used treatment techniques for lung cancer, yet these modalities
have pitfalls including radiation, development of chemo resistance and damaging healthy
cells. Therefore, there is a great demand to develop innovative therapeutics method that
can selectively kill the cancer cells while preserving the healthy cells function [1, 3]. Non-
thermal plasma could be an alternative anti-cancer modality alone or together with other
chemo-drugs for metastatic lung cancers due to its selective nature of killing cancer cells
[4].

Non-thermal plasma generates different reactive oxygen species (ROS) and reactive
nitrogen species (RNS) such as nitrate (NOs), hydrogen peroxide (H,0,), singlet oxygen,
ozone, and hydroxyl radicals [5-9]. The Non-thermal Plasma generated ROS and RNS
have been reported to impair intracellular structures such as DNA and mitochondria, lead-
ing to cancer cell apoptosis [10, 11]. The research published by Kalghatgi et al. [12], stud-
ied the effect of non-thermal plasma on breast epithelial cells and showed increased dou-
ble-strand DNA breakage. Similarly, Blackert et al. [13] demonstrated the linear increase of
DNA damage in human keratinocytes (HaCaT) cells due to non-thermal plasma. Another
research by Hirst et al. [14] demonstrated high levels of DNA damage in prostate epithelial
cells in response to non-thermal plasma. Moreover, Kwon et al. [15] studied the cytotoxic
effects of non-thermal plasma in cervical cancer cells. They demonstrated the selective
inhibition of cancer cell proliferation along with apoptotic death induced by plasma in a
dose-dependent manner. Also, Liedtke et al. [16] demonstrated the decreased cell viability
and proliferation of pancreatic cancer cells in response to non-thermal plasma, whereas
mouse fibroblasts were less affected. And the other research group by Nakamura et al. [17]
showed non-thermal plasma activated medium inhibited metastasis of ovarian cancer cells.
While many researches have studied the effect of plasma on DNA damage in cancer cells,
most studies lack normal cellular control. Also, these studies did not assess normal cell
responses along with tumor cell responses.

In our prior studies, we discovered that non-thermal plasma treatment decreased cell
viability, and induced apoptosis in A549 lung cancer cells embedded within 3D collagen
matrix [3]. Moreover, our plasma system was also able to inhibits the migration of cancer
cells [18]. Thus, in this study, unlike other studies, we investigated the viability effects of
non-thermal plasma generated by our designed and fabricated miniature dielectric barrier
discharge (DBD) plasma system on adenocarcinoma epithelial cells (A549) and normal
lung fibroblast cells (MRC-5) embedded within 3D collagen matrix. In addition, we stud-
ied the changes in intracellular and extracellular reactive species upon plasma treatment on
monolayer cells. Further, we assessed the effect of plasma on the viability of lung cancer
and fibroblast cells, cell cycle arrest, and expression of apoptosis-related genes. Similar
study was done by Georgescu et al. [19] where they studied the effects of plasma apoptosis
between tumoral (colon carcinoma and melanoma cells) and normal cells (macrophages).

Based on our previous findings, we hypothesized that plasma treatment induces apopto-
sis in cancer cells, and not in normal cells. To test this hypothesis, we cultured A549 lung
cancer cells and MRC5 normal healthy lung cells in two different culture media. Although
both cells lines are genetically, morphologically and functionally different we wanted to
compare the effects of plasma on both healthy and cancerous cell line to observe the differ-
ential effects in cell viability cell cycle and cell apoptosis. We analyzed the gene expression
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associated with apoptosis such as BAX, p53, Caspase-8, and ATM in both normal and
cancer lung cells in response to non-thermal plasma. Our results showed that plasma arrest
the cell cycle of A549 cancer cells at G2/M phase at higher treatment time (60 and 120 s).
Furthermore, the percentage of cells arrested at G2/M phase for MRC-5, is relatively lower
than A549 cells. This suggests that plasma possess detrimental effect to the cancer cells,
while supporting the normal cell viability.

Materials and Methods
Miniature Non-thermal Plasma Design

The miniature dielectric barrier discharge (DBD) plasma device was designed, manufac-
tured and characterized in our lab [18]. Briefly, it consists of a copper electrode (1.2 mm
diameter) that is inserted at the center of the hollow cylindrical shaped nonconductive
insulator of 4 cm in length and 5.5 mm diameter. The insulator along with copper electrode
is inserted in the 6 mm diameter test-tube. The lower end of the test-tube with thickness
of 0.5 mm act as the dielectric barrier (Fig. 1). In this study, in order to generate the non-
thermal plasma, high voltage of 12 kV is applied at 1000 Hz with 10 us pulse width and
1 ps rise and fall time. On applying high voltage, a visible plasma discharge is produced in
ambient air.

Cell Culture and Fabrication of Cell Encapsulated 3D Collagen Matrix

Human lung adenocarcinoma epithelial cells (A549; ATCC) and human fetal lung fibro-
blasts cells (MRC-5; ATCC) were used for this research and both cells lines were grown
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Fig.1 a Schematic diagram of the non-thermal plasma system. b Photographic image of the non-thermal
plasma system. Scale bar is 6 mm
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separately in 12 well plates and in two different culture media recommended by ATCC.
A549 lung cancer cells were cultured in Kaighn’s modification of Ham’s F-12 media
(F-12K media; ATCC) and MRC-5 cells were cultured in Eagle’s Minimum Essential
Medium (EMEM; ATCC) supplemented with 10% fetal bovine serum (FBS; ATCC) at
37 °C with 5% CO, and humidity. Upon confluence, cells were trypsinized and suspended
with media in 15 ml test-tube. For monolayer cell culture, A549 cells and MRC-5 cells
were plated into the 12 well plate one day prior to plasma treatment. For A549 and MRC-5
cells, 1.5% 107> and 2.0x 107> cells were plated in each 12 well plate respectively and kept
in an incubator overnight.

To generate cell encapsulated 3D collagen matrices, 2.5 mg/ml rat tail collagen type 1
(Advanced Biomatrix, USA) at pH range of 3—4 was neutralized using ice cold 1 N NaOH,
10x phosphate buffered saline (PBS) and deionized water based on our established pro-
tocol [3]. Cells at a density of 1.0x 107% cells/ml for both cell line separately were mixed
with neutralized collagen solution to create the 3D cell-encapsulated collagen matrix
(CECM). 400 ul of CECM was then deposited to a well plate. The cell encapsulated colla-
gen solution was further incubated for 15-20 min at 37 °C to get~2 mm thick polymerized
constructs. Then the media was added to each well plate which was further kept overnight
in an incubator. On the following day, media was removed, and non-thermal plasma was
applied directly to the CECM for O (control), 15, 30, 60, and 120 s.

Cell Viability

Cell viability was assessed using the live/dead cell assay (Life Technologies) consisting
of Calcein-AM and Ethidium homodimer-1 (Eth-1). Cells-encapsulated collagen matrix
(CECM) of ~2 mm thickness was treated with plasma for 15, 30, 60 and 120 s respectively.
The Calcein-AM dye enters the live cells and is converted to Calcein by esterase that pro-
duces an intense green signal. On the other hand, Eth-1 will cross the membrane of the
dead cells only and bind to the nucleic acids. A working solution was prepared by adding
Eth-1 (2 pl) and Calcein AM (8 ul) to PBS (10 ml). Following plasma treatment, the cell-
embedded collagen constructs were incubated with live/dead cells for 30 min in the dark.
Confocal imaging of collagen was then performed immediately after plasma treatment and
24-h post-treatment to observe live and dead cells within the CECM at a different optical
section. Images were acquired using the multi-photon laser scanning confocal microscope
(Leica TCS SP5). For 3D reconstruction, Z stack images were captured using 15 um opti-
cal sections and analyzed using MetaMorph imaging software.

Cell Cycle Analysis

The effect of plasma treatment on cell cycle is evaluated using flowcytometry. Following
the plasma treatment, the percentage of cells in Sub-G1, G1, S and G2/M phases were eval-
uated at 24-h (day 1) and 48-h (day 2) after plasma treatment. Briefly A549 and MRC-5
cells embedded within collagen construct were treated with plasma for 15, 30, 60 and 120 s
respectively and incubated for 24 and 48 h at 37 °C and 5% CO,. Following incubation,
cells were taken out using collagenase and collected using centrifugation which was then
fixed with 1 ml cold 70% ethanol for 30 min at 4 °C. After fixation, cells were washed with
phosphate buffered saline (PBS) and 50 ul of a 100 pg/ml of RNase (Life Technology) was
added to digest RNA. Cells were then stained with 100 ul of Propidium lodide (PI) (Life
Technology) for 15 min at room temperature in the dark and were evaluated using FACS
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Calibur flow cytometer (BD Bioscience, USA) and analyzed with Modfit LT 3.4 software
for cell cycle.

Real-Time Quantitative PCR Analysis

Apoptosis specific gene expression was assessed using reverse transcription quantitative
polymerase chain reaction (RT-qPCR) immediately after plasma treatment (day 0) and
after 24-h incubation (day 1). A549 cancer and MRC-5 normal cells embedded within
3D collagen matrix were treated with plasma for 15, 30, 60 and 120 s respectively. Total
RNA was isolated using the total RNA extraction kit (RNeasy mini kit; Qiagen). The RNA
was then converted to cDNA using cDNA Reverse Transcription Kit (OMNISCRIPT Kkit;
Qiagen). H2AX, p53, Caspase-8, ATM, and Bax gene expression analysis were performed
using the Q BIORAD Real-Time PCR System (The Applied Biosystems, USA). 18s-RNA
was used as a housekeeping gene. The primers sequences from published articles were pur-
chased from the Integrated DNA Technologies (IDTs) (Table 1) [20, 21]. Relative quanti-
fication of gene expression was performed using the comparative threshold (Cy) method
according to the 2722€T method as described by the manufacturer. The C; values of target
genes (H2AX, p53, Caspase-8, ATM, and Bax) in each sample set (ACy test sample) were
normalized to those of 18SRNA. The AAC; was calculated by the formula AAC;=ACT
test sample — AC control. AAC was converted to fold changes in mRNA gene expres-
sion relative to control by the equation 2724€T [22]. The fold changes are presented as the
mean + SD. The primer sequences are shown in Table 1.

Extracellular Reactive Species Generation Upon Plasma Treatment

A monolayer A549 lung cancer cells and MRC-5 lung fibroblast cells were treated with
plasma for 15, and 120 s. Immediately after treatment (day 0) and 24 h later (day 1), the
plasma induced generation of hydrogen peroxide (H,0,) in media was measured using
the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen, USA). In the
presence of horseradish peroxidase (HRP), the Amplex Red reagent reacts with hydro-
gen peroxide (H,0,) and produce the red fluorescent oxidation product known as resoru-
fin [11]. A working solution of Amplex Red reagent (10-acetyl-3,7-dihydroxyphenoxa-
zine) of 100 uM and HRP of 0.2 U/ml was prepared by mixing 50 pl of 10 mM Amplex
Red, 100 pl of 10 U/ml HRP and 4.85 ml of 1X reaction buffer. Briefly, A549 cells and
MRC-5 cells covered with 1 mm (360 pl) thick media and treated with plasma for 15
and 120 s. After treatment, 100 pl of media from plasma treated constructs and 100 pl

Table 1 Primer sequences used for the evaluation of the mRNA expression on A549 and MRC-5 cells [20,
21]

Genes Forward primer [5-3'] Reverse primer [5'-3']

18s rRNA GAGTGTAAGGACCCATCGGA CCTCCAATGGATCCTCGTTA
H2AX TGGAAAGGGTCAGGGAAC G GACTTGTGCTGGTATCTGGGT G
p53 TTACTCCCTCCATCTCCACC TCATCAAACCCTTCAGCCAG
ATM GGGCAACATGGTGAAACTCT CCTTAACCTCCAGGGCTCAG
Caspase-8 TTGAACCCAAGAGGTCAAGG ACGGGGTCTTGTTCTGTCAC
Bax AACATGGAGCTGCAGAGGAT CAGTTGAAGTTGCCGTCAGA
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of working solution were mixed and analyzed by spectrophotometer (SpectraMax, USA)
to measure the absorbance at 540 nm.

The Griess Assay (Cayman Chemical, USA) was used to measure the plasma-induced
RNS generation at the extracellular space immediately after plasma treatment (day 0)
and 24 h later (day 1). Addition of the Griess reagents converts the nitrite into a deep
purple azo compound [23]. Briefly, after cells were exposed to the plasma in 12 well
plates, 80 ul of treated media was transferred to the 96 well plate and mixed with 10 pl
of cofactor and enzyme and incubated in the dark at room temperature for 1 h. Then,
50 ul of Griess assay reagent 1 (Sulphanilic Acid) and 50 pl of Griess assay reagent 2
(N-alpha-naphthyl-ethylenediamine) were added to the media and incubated for 10 min
at room temperature to measure nitrite NO,, the stable metabolite of NO, secreted to
the culture medium. The absorbance was measured at 545 nm with a spectrophotometer
(SpectraMax, USA) upon treatment.

Penetration of ROS and RNS Into Intracellular Space Upon Plasma Treatment

To quantitate intracellular generation of reactive oxygen and nitrogen species, A549 and
MRC-5 cells plated in 12 well plate were exposed to plasma for 15 and 120 s. Reactive
oxygen species (ROS) levels were assessed immediately after plasma treatment using
the 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) (Life Technology) accord-
ing to the manufacturer’s protocol. After plasma treatment, both cells were washed with
PBS and incubated with cell permeable 5 uM H2DCFDA for 30 min. H2DCFDA is oxi-
dized by an intracellular generation of oxygen species and emits a bright green fluores-
cence. Florescence intensity was measured by a microplate reader (Bio-Rad, Hercules,
CA) at 485/540 nm according to the manufacture’s protocol. Relative value of ROS was
calculated in terms of arbitrary fluorescence unit.

Similarly, intracellular reactive nitrogen species (RNS) were detected using the di-
aminofluorescein (DAF-2DA) (Cayman Chemicals). Following plasma treatment, cells
were washed with PBS and incubated with 10 uM DAF-2DA for 30 min. DAF-2DA is a
cell-permeable fluorescent nitric oxide (NO) indicator [23]. It is deacetylated by intra-
cellular esterases and converted into DAF-2, that reacts with NO and yields the highly
fluorescent triazofluorescein (DAF-2T) which was visualized using the fluorescence
microscope (Cytation5, USA) at 490/525 nm excitation/emission. Untreated cells were
used as a control to measure the basal intracellular NO level within A549 and MRC-5
cells. For the negative control, sodium pyruvate (10 mM) was used as an oxygen scav-
enger and 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxid (cPTIO)
(40 uM) was used as a nitrogen scavenger. Prior to plasma treatment, scavenger was
added to the cells for 30 min and then visualized using the fluorescence microscope.

Statistical Analysis
Triplicate samples were used for the experimental and control groups. All statistical dif-

ferences were determined using the student ¢ test (p <0.05). All values are reported as
the mean and the standard deviation of the mean.
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Results
Effect of Plasma on Cell Viability

Live/dead assays were conducted to study the viability of lung cancer and normal lung
cells embedded within collagen matrix in response to non-thermal plasma treatment. Fig-
ure 2 shows the fluorescence images of live (green) and dead cells (red) captured with the
confocal microscope following 0, 15, 30, 60 and 120 s plasma treatments. In control (0 s
plasma treatment) of A549 and MRC-5 cells, all cells appeared green, indicating that all
cells are live. In MRC-5, there were no dead cells for 15 s treated samples at day 0 and 1
post-treatment. For 30 s treated samples at day 0, there were no dead cells, but dead cells
appeared 24 h post-treatment. As treatment time increases from 60 to 120 s, more dead
cells appeared at the plasma treated area at day O and 1 post-treatment relative to 15 and
30 s (Fig. 2a). In day 0, the dead cells area for 120 s treated cells was 16.6 mm?. On day
1, the dead cells area for 30, 60 and 120 s treatment time was 2.3 mm?2, 14.8 mm?, and
24.8 mm?, respectively (Fig. 2c).

Furthermore, in A549 lung cancer cells, dead cells start to appear even with lowest treat-
ment time (15 s) at the plasma treated region (Fig. 2b). On day O post-treatment, the dead
cells area increases from 0.85 to 28.89 mm? as the treatment time is increased from 15 to
120 s. On day 1 post-treatment, the dead cells area increases from 1.6 to 52.78 mm?. These
results demonstrated that on increasing the treatment time from 15 to 120 s, increases the
number of dead cells and area. All the samples after 24-h post-treatment showed more
dead cells than immediately after plasma treatment (day 0) due to the delayed effect of the
plasma. The highest treatment time (120 s) had significant number of dead cells at both day
0 and 1 post-treatment (Fig. 2).

These results further suggest that the effect of plasma on the viability of cancer cells is
higher than the normal cells.

Changes in Cell Cycle Following to Non-thermal Plasma Treatment

To study the effect of plasma on cell cycle progression of A549 and MRC-5 cells, we
measured the percentage of cells in three distinct phases of cell cycle (GO/G1, S, and
G2/M) by measuring the DNA content using Propidium Iodide (PI). The cell cycle analysis
was done 24 h (day 1) and 48 h (day 2) after plasma treatment. At day 1, for O s plasma
treatment (control) in A549 cells, 62% of cells were in GO/G1 phase, 18% cells in S-phase
and 8% cells in G2/M phase (Fig. 3). For 15 and 30 s plasma treatment, we observed an
increase in the percentage of cells in S-phase compared to control. The sample treated with
60 and 120 s showed a greater percentage of cells arrested in G2/M phase i.e. 17% and 26%
respectively. The cells percentage in G2/M was increased by almost threefold compared
to control for 120 s treatment time. The increase in the percentage of cells in S and G2/M
phase is accompanied by decreases in GO/G1 phase (Fig. 3).

On day 1, In MRC-5 cells, for 0 s plasma treatment (control), GO/G1 had 50% of cells,
S-phase had 22%, and G2/M phase had 9% (Fig. 3). In MRC-5 cells, the percentage of cells
in all three phases were almost similar for all plasma treatment time.

Similarly, for A549 cells, after 48 h (day 2) of plasma treatment, ~ 19% of cells were in
S phase and 28% of cells were in G2/M phase for 120 s sample (Fig. 4). This percentage is
slightly higher than the percentage of cells in day 1 for 120 s plasma treated sample. After

@ Springer



106 Plasma Chemistry and Plasma Processing (2020) 40:99-117

Control 5 30 sec 60 sec 120 sec
(A) ‘ lasec 1 e —

Day 1

(B) v Conlrol

Day 0

Day 1

©) MO W15 w30 MGO W 120 Sec g"
60 - *
'(I: 50 7 : #
: ' &
?:’40 7 & : *
154 . !
<30 A !
[5} * ]
S;; 20 - ! $
(53 ]
A 10 - I : I
0 aln = : - B
Day 0 Day 1 Day 0 Day 1
MRC-5 AS549

Fig.2 a Fluorescence images of live (green) and dead (red) MRC-5 cells for O s (control), 15, 30, 60 and
120 s plasma treated samples. b Dead cell area increases on increasing treatment time on day O and 1 post-
treatment. & and * denote statistical difference between 15, 60 and 120 s plasma treatment groups in day
0 and 1 post-treatment time for both MRC-5 and A549 cells, respectively (p <0.01). # denote statistical
difference between MRC-5 and A549 at day 0 post-treatment for 120-s (p <0.01). ## denote statistical dif-
ference between MRC-5 and A549 for 120 s at day 1 post-treatment (p <0.01). The yellow dotted circle was
drawn to indicate the approximate diameter of the plasma-affected area containing dead cells. Scale bar is
500 um; all images are X 10 and merged images (Color figure online)
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Fig.3 A549 and MRC-5 cell distribution in different phases of cell cycle after plasma treatment with 24 h
of incubation (day 1). Data are expressed as means+SD (n=3). #, ##, denote significant difference for
S-phase between control and 15 and 30 s for A549 (p<0.05). *, and $ denote significant difference for
G2/M phase between control and 60, and control and 120 s for A549 (p <0.02). § and §§ denote significant
difference in G2/M phase of 60 and 120 s between A549 and MRC-5 cells (p <0.05)
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Fig.4 A549 and MRC-5 cell distribution in different phases of cell cycle after 48 h of incubation (day
2). Data are expressed as means+SD (n=3). $, *, and **, denote significant difference for Sub-G1 phase
between control and 30, 60 and 120 s for A549 cells (p <0.05). #, ##, denote significant difference between
control and 60 and 120 s for G2/M phase for A549 cells (p <0.05)

48 h of plasma treatment, we observed gradual increases in percentage of cells in Sub-G1
(apoptotic phase) from 15 to 120 s samples. However, in MRC-5, after 48 h of plasma
treatment, we observed a little increase in percentage of cells in G2/M phase compared
to control. And for 120 s treatment time, the cells percentage were similar in S and G2/M
phase (~17%) (Fig. 4).

These results demonstrated that in cancer cells, plasma arrested the cell cycle at S phase
for lower treatment times (15 and 30 s) whereas for longer treatment times (60 and 120 s)
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cells were arrested in G2/M phase. These data also suggested that plasma had greater effect
on cell cycle arrest of cancer cells at G2/M phase than on normal cells.

Non-thermal Plasma Induced Gene Expression

We analyzed the expression of apoptosis-related genes due to non-thermal plasma treat-
ment on both A549 and MRC-5 cells. Apoptosis-related genes H2AX, p53, Caspase-8,
ATM and BAX in A549 cells exposed to plasma for 15 s and 120 s were highly expressed
at day 1 post-treatment. For 120 s plasma treated sample, there was up to 33.5-fold increase
in p53 and BAX expression. H2AX was tenfold upregulated in A549 cells at day 1 post-
treatment for 120 s sample (Fig. 5). ATM and Caspase-8 were less up-regulated in compar-
ison to other genes. 15-s treated samples had enhanced BAX gene expression. ATM was
sixfold upregulated at day 1 post-15 s treatment. Caspase-8, H2AX, and p53 were upregu-
lated to a lesser extent than BAX and ATM in 15 s treated samples (Fig. 5).

Unlike A549 cancer cells, MRC-5 normal cells did not show dramatic changes in apop-
tosis related gene expression. At day 1 post-treatment, H2AX gene expression showed a
3.6-fold up-regulation while p53, Caspase-8, ATM and BAX were expressed lower than
H2AX for 120 s treated samples. Capase-8, p53, ATM, and BAX are 2.3, 2.4 and onefold
expressed for 120 s sample (Fig. 5).

For A549 cells, at day 2 post-treatment, Caspase-8 and ATM was almost eightfold and
6.5-fold upregulated for 120 s treated samples respectively (Fig. 6). For 15 s treated sam-
ples, BAX was fourfold expressed. H2AX, p53, and BAX were less expressed than the
Caspase-8 and ATM for both 120 and 15 s treated samples. In compare to day 1 and day
2 post-treatment, all genes were expressed to a greater extent on day 1 post-treatment than
day 2 post-treatment for both 15 and 120 s treated samples.
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Fig.5 Expression of apoptosis-related genes induced by the non-thermal plasma in A549 and MRC-5 cells
at day 1 post-treatment. Data are expressed as means +SD (n=3). # and ## denote significantly significant
differences between 15 and 120 s for H2AX and p53 for A549 (p<0.001). * and ** denote significant dif-
ference between 15 and 120 s for ATM and BAX for A549 (p<0.05). &, $ and §§ denote significant dif-
ference between A549 and MRC-5 for H2AX, p53, ATM and BAX, respectively, (p <0.001). § (p <0.002)
when comparing H2AX in-between 15 and 120 s for MRC-5
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Fig. 6 Expression of apoptosis-related genes induced by the non-thermal plasma in A549 and MRC-5 cells
at day 2 post treatment. Data are expressed as means +SD (n=3). #, ##, and $ denote significant difference
between 15 and 120 s for H2AX, caspase-8 and ATM for A549 respectively, (p <0.001). & and $$ denote
significant difference for H2AX and caspase-8 between A549 and MRC-5 (p<0.001). §, * and ** denote
significant difference between 15 and 120 s for p53, BAX and ATM in MRC-5

Similarly, for MRC-5 cells, at day 2 post-treatment, there was a higher expression of
BAX, ATM, and p53 relative to day 1. BAX was expressed 2.3-fold whereas ATM was
expressed twofold for 120 s treated samples. p53, Caspase-8, ATM and BAX gene expres-
sion were less for 15 s sample than the 120 s treated sample (Fig. 6).

Reactive Species at Extracellular Space

We further investigated the generation of reactive species within media upon plasma
treatment. Following 15 and 120 s non-thermal plasma treatment, the extracellular pro-
duction of oxygen species and nitrogen species in the culture media of both normal lung
(MRC-5) and cancer cells (A549) were measured using the Amplex Red and Griess Assay,
respectively.

In A549 cells, at day 0, immediately after 120 s treatment time, the extracellular genera-
tion of H,O, was 26-fold higher than in the control sample. For 15 s treatment time, H,0,
increased only by fourfold at day O (Fig. 7a). This suggests that the generation of reactive
oxygen species is dose-dependent. After 24 h, H,0, reduced significantly relative to day O
for 120 s and 15 s treated sample.

In order to measure the nitrogen species, nitrite (NO,) was measured as a stable metabo-
lite of nitric oxide (NO). Figure 7b showed the different concentration of NO, generated
in A549 at day O and 1 upon plasma treatment, with respect to the treatment duration. In
A549 at day 0, with 15 s treatment, there was a 5.2-fold increase in NO, amount within the
culture media compared to the control (untreated cells). As the treatment time is increased
to 120 s, there was a significant 22-fold rise in NO, compared to the control (untreated
cells). The amount of nitrogen species within the media increases after prolonged treat-
ment time. However, at day 1, the amount of nitrogen species was reduced to threefold and
12-fold for both 15 and 120 s plasma treated groups, respectively, compared to the control
(untreated group). This reduction of reactive species at day 1 might be because of intra-
cellular penetration of reactive species and conversion to other chemical compounds. The
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Fig.7 Production of different concentration of reactive species within A549 cell culture media a H,O,, b
NO,. Results are expressed as mean+SD of H,0, and NO, concentration (uM) (n=3). * denote statisti-
cally significant differences between day 0 and 1 for 120 s (p <0.001). # denote statistically significant dif-
ference between control (0 s) and 120 s (p <0.001)

extracellular production of ROS and RNS in MRC-5 cell was similar to the A549 cells and
data are presented as the supplementary data.

Penetration of ROS and RNS into Intracellular Space

This experiment was done to measure the reactive oxygen and nitrogen species (RONS)
penetrated intracellularly due to the plasma on both cancer and normal lung cells. The
intracellular reactive oxygen species level was analyzed by measuring H2DCFDA that
had penetrated into intracellular space. The control sample (untreated) of both cells did
not develop fluorescent color because the cells were devoid of reactive oxygen species.
After treating the cancer cell with plasma for 15 and 120 s, exogenous oxygen species get
diffused into intracellular space and cells fluoresce green upon reaction with H2DCFDA
assay. In A549 cells, results showed that for higher treatment time (120 s) there was
higher fluorescent intensity than the 15 s treated sample due to the higher plasma dose and
increased treatment area (Fig. 8a). Similarly, intracellular nitrogen species for 15 and 120 s
sample were measured using DAF-2DA assay. Both samples developed less green fluores-
cence than the ROS samples (Fig. 8c). This revealed that penetration of intracellular ROS
was higher than the RNS in cancer cells.

In MRC-5, results showed that for longer treatment time (120 s) there was a higher fluo-
rescent intensity of ROS and covers a larger area of green fluorescent than the 15 s treated
sample due to a higher plasma dose (Fig. 9a). The fluorescent due to RNS was very dimin-
ishing compare to ROS (Fig. 9b).

In contrast to cancer cells, normal cells developed less bright green fluorescence due to
ROS and showed a smaller area of green fluorescence for both 15 and 120 s (Fig. 9a). Use
of a ROS and RNS scavenger as a negative control abolished the intracellular production of
oxygen and nitrogen species due to plasma treatment and lacked formation of green fluo-
rescent. In MRC-5 samples, the fluorescent intensity due to RONS for 15 and 120 s treat-
ments was less compared to A549 samples.
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RNS produced for 15 and 120 s sample. #, * denote statistically significant differences between 15 and
120 s plasma treatment group for ROS and RNS respectively (p <0.05). Scale bar is 2000 um

These results suggested that the intracellular reactive oxygen species produce in
response to plasma treatment are greater than reactive nitrogen species in cancer cells com-
pared to normal lung cells. This may indicate that cancer cells are more susceptible to oxy-
gen species than normal cells.

Discussion

The field of plasma medicine is rapidly advancing towards the development of new medi-
cal therapies [24, 25]. Plasma has been used for various applications such as surface modi-
fication treatment [26—28], dental cavities [29], bacterial sterilizations [30-33], cell detach-
ment [18], and wound healing [34]. The promising results published by several group have
demonstrated the potential of this technology for the cancer treatment [35, 36]. Plasma
oncology research is a growing field where researcher could contribute a lot to answer so
many of important questions that is still unanswered [36].

In this research study, we compared the effect of non-thermal plasma in between can-
cerous lung cells A549 and normal fibroblast lung cells MRC-5. Both cells lines are
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morphologically and functionally different and has shown different responses to plasma
treatment. Our results showed significant loss of A549 lung cancer cells viability in com-
pare to the MRC-5 normal lung fibroblast cells after plasma treatment which indicated its
cytotoxic effect. In cancer cells, even with the shortest treatment time (15 s), cells tend
to die, and cell death increases with increase in treatment time (Fig. 2). The uptake of
oxygen species is higher in cancer cells in comparison to the normal cells which causes
the intracellular oxidative stress to the cells. As treatment time increases, the plasma dose
also increases, ultimately causing oxidative stress to more cells, leading to more cell death.
Similar results were demonstrated by Kim et al. [5] group where they studied the cell via-
bility of normal and carcinoma cells caused by plasma generated reactive species. In nor-
mal lung cells, dead cells were observed for 60 and 120 s at both day O and 1 treatment
time. Although, plasma impacted cell viability in normal cells for higher treatment time,
the dead cells area was greater for cancer cells in compare to the healthy cells (Fig. 2). Our
result showed that the uptake of oxygen species by normal cells is less in compared to the
cancer cells, causing less cell death in normal cells.
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Moreover, we studied the effect of plasma on cell cycle. Plasma effects on cell cycle
revealed that in A549 cells, after 24 h, more cells were arrested in G2/M phase for longer
treatment time (120 s). Whereas, for shorter treatment times (15 and 30 s) a greater per-
centage of cells were observed in S-phase. After 48 h post-treatment, 120 s plasma treated
samples showed an increased percentage of cells in G2/M phase along with significant
number of cells in sub-G1 phase (Fig. 4). Kim et al. [37] studied the cell growth arrest in
colorectal cancer cells due to plasma. They found increase in B-catenin phosphorylation in
cells due to plasma leading to anti proliferative effect. Vandamme et al. [38] demonstrated
significant fewer cells in GO/G1 phase but an increase in cells in S and G2/M phases due
to cell cycle arrest. This may be because of formation of DNA strand break and induction
of apoptotic cell death signaling pathways in response to plasma. This cell cycle arrest-
ing effect of plasma was possibly due to decreased metabolic activity (e.g., cellular repair
mechanisms) affecting the cell division rate triggered due to intracellular stress. Plasma-
induced double-stranded DNA damage causing cell cycle checkpoint arrest is through
phosphorylation of p53 in order to activate apoptosis [39]. This cell cycle arresting effect is
significantly higher in cancer cells relative to normal cells [20, 22].

In addition to the cell cycle arresting effect of the plasma, we examined the expres-
sion of genes involved in apoptosis. We assessed H2AX, BAX, p53, ATM, and Caspase-8
to investigate a potential mechanism by which non-thermal plasma may induce apoptosis
in cancer cells. We evaluated whether plasma could induce DNA damage by examining
phosphorylation of H2AX [12, 40]. H2AX is a histone variant that is phosphorylated in
response to DNA damage, forming y-H2AX. Phosphorylation of H2AX was commonly
observed in numerous plasma-treated cells and it was more significantly expressed in can-
cer cells than in normal cells [41]. Intracellular reactive species causes stress and DNA
damage because deoxyribose sugar moieties and nucleobases of DNA are susceptible to
their direct attack. This observation indicates that plasma exposure selectively induces
DNA damage that leads to A549 cell apoptosis. Kim et al. [42] demonstrated DNA dam-
age and mitochondria dysfunction induced by plasma leading to cell apoptosis. Similarly,
Kaushik et al. [43] studied the apoptotic response caused in human monocytic lymphoma
cells due to plasma.

We then evaluated expression of BAX, p53, ATM, and Caspase-8, apoptosis-related
mRNA. BAX is involved in mitochondria membrane signaling in the process of early apop-
tosis [20]. Phosphoprotein p53 is a tumor suppressor gene which regulates apoptosis of a
cell and prevents tumor progression [44, 45]. Ataxia-telangiectasia mutated (ATM) is a
large protein kinase family which is recruited and activated by double-strand DNA breaks.
It phosphorylates several key proteins including H2AX and p53 that initiate the activation
of the DNA damage checkpoint leading to cell cycle arrest and apoptosis [46, 47]. Cas-
pase-8 is a part of a family of caspases, aspartate-specific cysteine proteases, which acti-
vate apoptosis signaling of a cell and can also activate pro-apoptotic Bcl-2 family members
[39].

We studied the apoptotic gene expression due to plasma in between cancerous A549
lung cells and normal MRCS5 fibroblast lung cells grown in two separate culture media. Our
results showed that plasma significantly increase expression of all pro-apoptotic genes. The
higher expression of pro-apoptotic genes in A549 cancer cells in compare to MRC-5 nor-
mal cells is probably due to the genetical and morphological difference in between those
two cells. Lung cancer cells exposed to plasma for 15 and 120 s showed higher expres-
sion of BAX. Higher BAX gene expression results in mitochondrial membrane potential
(MMP) attenuation, which ultimately activates mitochondrial mediated apoptosis [11, 48].
There was also significantly higher expression of p53 gene expression for 120 s treated
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sample relative to 15 s treated samples and slightly enhanced expression of H2AX and
ATM at day 1 post-treatment. When cells are subjected to the cellular stress, p53 is acti-
vated, that regulates cell cycle arrest and apoptosis by affecting the expression of its target
genes, including cyclin-dependent kinase (CDK) inhibitors and cell death genes BAX, and
FAS [49]. Previous reports have demonstrated the higher expression of apoptosis-related
genes. This significant level of increased gene expression indicates the induction of apop-
tosis in cancer cells. The level of expression of genes was less in day 2 post-treatment cells
compared to day 1 post-treatment cancer cells.

Induction of apoptosis is an effective way to halt tumor growth. Fridman et al. showed
the apoptotic behavior of plasma in melanoma and skin cancer cells. Plasma generated
RONS activated apoptosis triggers expression of different pro-apoptotic genes. Mitochon-
dria are primarily affected due to RONS in the early apoptotic process and are now thought
to act as the central coordinators of cell death. The plasma generated reactive species can
activate the mitochondrial intrinsic apoptosis pathway by changing in Mitochondrial Mem-
brane Potential (MMP). Change in MMP cause the upregulation of BAX gene along with
the release of Cytochrome C (Cyt C) that activates the caspase pathway and eventually
cell undergoes apoptosis. In addition, RONS causes the upregulation of Caspase-8 and due
to the DNA breakage; H2AX mRNA gene expression levels also increase in response to
RONS. On the other hand, ATM and p53 are upregulated and cause the apoptosis of cancer
cells.

Moreover, in normal MRC-5 lung cells, H2AX, p53, Caspase8, ATM, and BAX were
all less upregulated compared to cancer cells in response to plasma. In A549 cells, all
genes were upregulated by more than eightfold except for Caspase-8 at day 1 post-treat-
ment (Fig. 5). The level of gene expression at day 2 post-treatment was reduced relative
to day 1 post-treatment for the normal cells. These results demonstrated that apoptosis-
related genes were upregulated in cancer cells to a greater extent than in normal cells with
response to plasma. These result further suggested that non-thermal plasma destroyed the
intracellular structures, DNA, and mitochondria of cancer cells, inducing apoptosis [20]. In
addition, the DNA or mitochondria damage is probably due to the accumulation of intra-
cellular reactive species in cancer cells that cause mitochondrial dysfunction and endoplas-
mic reticulum-stress [20, 50].

Non-thermal plasma generates different reactive species such as reactive oxygen species
(ROS), reactive nitrogen species (RNS) [51]. As mentioned above these species have criti-
cal roles in reducing the viability of cancer cells, and inducing apoptosis [18, 39]. Similar
studies were reported by Yan et al. [52] in principles of using cold atmospheric plasma
stimulated media for cancer treatment. Kim et al. [53] studied the production of several
intracellular reactive oxygen species that causes reduction in in cell viability. Another
study by Utsumi et al. [54] demonstrated the effect of indirect non-equilibrium atmos-
pheric pressure plasma on anti-proliferation of chemo-resistant ovarian cancer cells in vitro
and in vivo. Also, Bauer et al. [55] studied the selective anticancer mechanisms of the reac-
tive oxygen and nitrogen species.

Reactive species generated by the plasma diffuses in the media covering cells and finally
enters the cells. Extracellular reactive species enter the intracellular space of cells through
the transmembrane diffusion process. Aquaporins (AQPs), a specific water channel, facili-
tate the diffusion of H,O,. Within the AQPs family, AQP 1,3,8 and 9 are believed to play
important role in the anticancer capacity of plasma, particularly in terms of transmembrane
diffusion of the plasma originated H,O, [52]. Our results showed that extracellular genera-
tion of RONS was almost the same for both cancer and normal cells. However, intracellular
generation of RONS was higher for cancer cells than the normal cells (Figs. 8 and 9). This
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difference in rising ROS levels in the normal and cancerous cells is due to the difference
in basal intracellular ROS level. It is thought that the stronger metabolism in cancerous
cells influences elevated ROS basal level relative to the normal cells. When additional ROS
enters the cancer cells, the whole intracellular stress due to ROS passes a threshold more
easily than the normal cells [23]. The amount of generation of reactive species is directly
proportional to the treatment time. As treatment time increases, the production of reactive
species also increases, which subsequently increases the intracellular stress to the cancer
cells. The exerted intracellular stress due to the reactive species to the cancer cells induces
the mitochondrial dysfunction [10, 50]. These difference in generation of intracellular oxi-
dative stress has different effect of plasma on cell viability and apoptosis in between nor-
mal and cancer cells. Due to the difference in morphology and function of lung cancer and
normal lung cells, the uptake of oxygen generated by plasma is different, resulting in dif-
ference in oxidative stress, which ultimately cause difference in cell viability and cell cycle.
In addition to that, due to the genetical difference in between normal cells and cancer cells
the pre-apoptotic gene expression in cancer cells was higher than normal cells resulting in
apoptosis of cancer cells due to plasma.

Conclusion

In conclusion, differential effect of plasma was studied separately in between lung cancer
cells (A549) and normal lung cells (MRC-5) and our results demonstrated that intracel-
lular penetration of RONS was greater in cancer cells than in normal cells. The intracel-
lular generation of reactive species was dose-dependent in response to plasma treatment. In
addition, plasma treatment in cancer cells arrested the cell cycle at the G2/M phase at 24-h
post-treatment. Furthermore, we demonstrated the higher expression of apoptosis-related
genes in cancer cells in compare to normal healthy cells in response to the plasma treat-
ment. Our results that were obtained by treating lung cancer cells (A549) and normal lung
fibroblast cells (MRC-5) with plasma, suggest that dielectric barrier discharge non-thermal
plasma produced RONS that induces cell cycle arrest and damages the intracellular DNA
or mitochondria, which ultimately induce apoptosis in cancer cells, relative to normal cells.
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