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Cold atmospheric plasma (CAP) has been reported to have strong anticancer effects in vitro and in vivo. CAP has been known to
induce apoptosis in most cancer cells by treatment to cells using direct and indirect treatment methods. There are many reports of
apoptosis pathways induced by CAP, but for indirect treatment, there is still a lack of fundamental research on how CAP can cause
apoptosis in cancer cells. In this study, we applied an indirect treatment method to determine how CAP can induce cancer cell
death. First, plasma-activated medium (PAM) was produced by a 2.45GHz microwave-excited atmospheric pressure plasma jet
(ME-APPJ). Next, the amounts of various reactive species in the PAM were estimated using colorimetric methods. The
concentration of NO2

– and H2O2 in PAM cultured with cancer cells was measured, and intracellular reactive oxidative stress
(ROS) changes were observed using flow cytometry. When PAM was incubated with A549 lung cancer cells, there was little
change in NO2

– concentration, but the concentration of H2O2 gradually decreased after 30min. While the intracellular ROS of
A549 cells was rapidly increased at 2 hours, there was no significant change in that of PAM-treated normal cells. Furthermore,
PAM had a significant cytotoxic effect on A549 cells but had little effect on normal cell viability. In addition, using flow
cytometry, we confirmed that apoptosis of A549 cells occurred following flow cytometry and western blot analysis. These results
suggest that among various reactive species produced by PAM, hydrogen peroxide plays a key role in inducing cancer cell apoptosis.

1. Introduction

Anticancer therapy using cold atmospheric plasma (CAP) is
a rapidly developing field through collaboration with physics,
biology, chemistry, and medicine [1–6]. CAP is an ionized
gas near room temperature, which consists of various mole-
cules, radicals, ions, electrons, excited species, electric field,
and UV radiation. Previous studies have reported that CAP
exhibited antimicrobial activity in bacteria [7–10] and
induced angiogenesis by regulating wound healing molecular
expression in skin cells [11–13]. In particular, CAP contains
highly reactive oxygen and nitrogen species (RONS), and it
can induce cell death by causing oxidative damage to cancer
cells. CAP has been reported to disrupt oxidative balance
[14, 15], induce DNA damage [16–19], and depolarize mito-
chondrial membrane potential [20].

In general, there are two ways to treat CAP to cells [21,
22]. First, direct treatment can induce strong cell death by

reaching the plasma species to the cells. However, only very
local treatments are possible, and toxic substances such as
ozone can enter the normal cell directly. Second, indirect
treatment is a method of inducing RONS in a solution by
treating plasma to a medium or buffer. Although it causes
less cell death than direct treatment, it has minimal effects
on normal cells, is easy to process and store plasma-
generated RONS, and can be treated on large areas. Thus,
plasma-activated medium (PAM) generated by indirect
treatment can be a good candidate for biomedical applica-
tions such as cancer therapy [23].

Our group has previously reported that the DNA damage
ratio and cell death were increased by treating cancer cells
directly with oxygen-containing CAP [24]. Additionally, cell
death by ME-APPJ (788MHz) utilizing a coaxial transmis-
sion line resonator (CTLR) was also confirmed [25]. As such,
many studies on the mechanism by which CAP induces can-
cer cell death have been reported [26–33], but for the indirect
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treatment utilizing PAM, there is still a lack of research on
physical changes in the stage before death occurs.

In the present study, we used atmospheric pressure
plasma jets (APPJs). The use of APPJs in cancer cell treat-
ment has received considerable attention because of conve-
nient delivery of plasma species into the biotargets [34–36].
Among them, microwave-excited APPJs (ME-APPJs) can
have high density of electron and reactive species, low
breakdown power, low heavy-particle temperature, and
lower discharge voltages [37–41]. It is expected that ME-
APPJs are more efficient in generating RONS than their
counterparts in low-frequency APPJs. Furthermore, the
commercially available jet employed in this study could
allow one to reproduce the experiments thereby standardiz-
ing plasma cancer therapy.

In order to investigate the anticancer effect by PAM, we
used human lung cancer cells and human newborn foreskin
fibroblasts to determine how PAM induced cancer cell death.
As the working conditions of ME-APPJs, two flow rates
(1.3 SLM and 1.9 SLM), three powers (5, 7, and 8W), and
three irradiation times (60 sec, 120 sec, and 180 sec) were
employed. When plasma was applied to media, plasma prop-
erties were analyzed using the optical emission spectrum of
the ME-APPJ. And then, the expression levels of NO2

– and
H2O2 in PAM-treated cells were measured using colorimetric
methods, and intracellular reactive oxidative stress (ROS)
was also measured using an oxidative stress assay. Finally, cell
death induced by PAM was evaluated by a flow cytometer
analyzer and western blot analysis.

2. Materials and Methods

2.1. Cell Culture. For in vitro studies, human non-small-cell
lung cancer A549 cells and human fibroblast Nuff cells were
used. The cells were grown in DMEMmedium supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
(Capricorn Scientific, Ebsdorfergrund, Germany). The cells
were maintained in the monolayer at 37°C in a humidified
atmosphere with 5% CO2.

2.2. Plasma Sources and Preparation of PAM. In producing
PAM, a 2.45GHz commercial microwave-excited APPJ
(PM-10, Heuermann HF-Technik GmbH) was used to treat
the cell culture medium. The operating conditions of the
ME-APPJ included various argon gas flow rates (1.3 and
1.9 SLM) and input powers (5–8W). The optical emission
spectrum and the gas temperature of ME-APPJ were mea-
sured using an optical spectrometer (USB-2000+XR-ES
Ocean Optics) (for Stark broadening measurement, mono-
chromator (SPEX 1702) with a photomultiplier tube (PMT)
(Hamamatsu R928) was used) and a fiber optic temperature
sensor (Luxtron M601-DM&STF), respectively. The cell cul-
ture medium was prepared to 3mL in 60mm Petri dishes and
treated by plasma for 30 sec–180 sec. The distance between
the open end of the quartz tube and the surface of the cell cul-
ture medium was fixed at 5mm during plasma treatment.
And then, the media on top of cells grown in plates were
replaced by PAM.

2.3. Griess Assay. The Griess assay can measure the nitrite
concentration and provide a good measure of the concen-
tration of these nitrogen oxides. Nitrite concentration in
PAM and PAM including A549 cells was determined with
a Griess Reagent Kit (Molecular Probes) according to the
manufacturer’s directions. The absorbance at 548 nm was
measured using a VersaMax™ Microplate Reader with
SoftMax® Pro Software (Molecular Devices). The nitrite
concentration was quantified utilizing a calibration curve
prepared by using the standard sodium nitrite solutions
(Molecular Probes, USA).

2.4. Measurement of H2O2 Production. To measure H2O2
quantification, we purchased the Amplex™ Red Hydrogen
Peroxide/Peroxidase Assay Kit (Invitrogen, Carlsbad, USA).
The experiment was conducted according to the manufac-
turer’s protocol. On the day before PAM treatment, A549
cells were seeded at 7,000 in 96-well plates. The next day,
PAM was treated with A549 cells at the desired time. At the
end of treatment, 50μL of PAM was incubated with
100μM Amplex red reagent (10-acetyl-3,7-dihydroxyphe-
noxazine) and 0.2U/mL HRP (horseradish peroxidase) in
1x reaction buffer (Krebs-Ringer phosphate buffer) for
30min in the dark. Fluorescence was measured on FLUOstar
OPTIMA (BMG LabTech, Ortenberg, Germany) with
544 nm excitation and 590nm emission wavelengths.

2.5. Cell Viability Assay. In order to confirm the cytotoxic-
ity of PAM in A549 cells, we used 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT; Duchefa
Biochemie, Haarlem, Netherlands). The A549 cells were
seeded in 96-well plates at a density of 7,000 cells/well.
After the cells are attached, PAM was treated at the desired
time. After incubation, PAM was removed and 100μL
MTT solution was added to each well, and the cells were
further incubated for 3 hours. MTT produces a water-
insoluble violet formazan by mitochondrial dehydrogenases
of living cells. The violet crystals are solubilized with
DMSO, and the absorbance was measured at 550nm using
a microplate reader. The relative cell viability (%) was cal-
culated as ðO:D:of PAM‐treated cells/O:D:of nontreated
cellsÞ × 100.

2.6. Intracellular ROS Detection. The percentage of intracel-
lular ROS was measured using a Muse Oxidative Stress
Assay Kit (Merck Millipore, Billerica, Mam USA), follow-
ing the manufacturer’s protocol. Briefly, A549 cells were
incubated in 12-well plates (50,000 cells/well) with PAM
for 1, 2, 3, or 24 hours at 37°C. At the end of treatment,
the cells were washed with PBS buffer and collected in
1.5mL microtube. Subsequently, the cells were incubated
with the Muse Oxidative Stress working solution in the
dark at 37°C for 30min and quantified using the Muse
Cell Analyzer.

2.7. Annexin V and Dead Staining. The experiment and pro-
cedures were described in detail [42]. Briefly, to detect apo-
ptosis induced by PAM on A549 cells, we used the Muse
Annexin V and Dead Cell Assay Kit. A549 cells were seeded
in 12-well plates (50,000 cells/well). The next day, the cells
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Figure 1: Continued.
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were treated with PAM of various conditions and 100μM
H2O2 (positive control) for 24 hours. The cells were har-
vested and incubated with 100μL Annexin V and Dead
staining solution for 20min at room temperature. Then,
cells were analyzed using a Muse Cell Analyzer and Muse
analysis software.

2.8. Cell Cycle Analysis. A549 cells were incubated in 12-well
cell culture plates (50,000 cells/well) and allowed to attach
for 24 hours. The cells were treated with PAM exposed to
plasma for 0, 60, 120, or 180 sec, and 100μM H2O2 was
treated for positive control. After the treatment was fin-
ished, all treated cells were collected and incubated with
200μL 70% EtOH for 3 hours at -20°C. After incubation,
70% EtOH was removed and a Muse Cell Cycle reagent
was added to each microtube, and the cells were incubated
at room temperature for 30min. The ratio of cells in
G0/G1, S, and G2/M phases was measured using the Muse
Cell Analyzer.

2.9. Caspase-3/7 Analysis. For evaluating the caspase-3/7
level, A549 cells were seeded on 12-well plates and incubated
for attachment. After removing the culture medium, PAM of
different irradiation times were added followed by further
incubation of 24 hours. Subsequently, cells were treated with
Muse caspase-3/7 working solution for 30min at 37°C in
darkness. Samples were mixed using a vortex mixer and
loaded onto the Muse Cell Analyzer, where the test of the
degree of caspase-3/7 was performed following the user’s
guide protocol.

2.10. Western Blot Analysis. Cells were seeded and treated
with PAM for 0.5 hours. At the end of treatment, cells were
harvested and lysed in RIPA buffer. To measure the extract
concentration, we applied BCA protocol. An equal amount

of protein was electrophoresed using 10–12% resolving gel.
Next, the transfer process was carried out using the PVDF
membrane (EMD Millipore, Billerica, MA, USA). The mem-
branes were blocked with 5% skimmed milk in 1x TBS-T for
1 hour. Subsequently, the membranes were incubated with
primary and secondary antibodies. Finally, they were
detected using the ECL reagent (Advansta, CA, USA) onto
an X-ray film (Fuji Film, Tokyo, Japan).

2.11. Statistical Analyses. Each experiment was repeated at
least three times in all cases. Data are presented as means ±
SD ðstandard deviationÞ. Statistical differences among groups
were analyzed using GraphPad Prism 5. In all of the compar-
isons, a level of p < 0:05 was considered significant.

3. Results

3.1. Plasma Source and Plasma Properties. The ME-APPJ
used for the plasma treatment on cell culture medium was
represented in Figure 1(a). The gas temperature was mea-
sured 2 cm below the open end of ME-APPJ. As can be seen
in Figure 1(b), the gas temperature was influenced by the
input power and gas flow rate. For example, at the gas flow
rate of 1.9 SLM, the gas temperature was increased from 31
up to 51°C as the input power was increased from 5W to
8W. And at the input power of 7W, it went down to 41°C
when the gas flow rate was 1.9 SLM. It indicates that the gas
temperature can be controlled by the plasma operating
parameters. When the plasma expands and collides with
ambient air, it produces gaseous RONS such as OH, NO, O,
and N2∗. To confirm produced radicals by plasma, a typical
optical emission spectrum was measured from plasma and
represented in Figure 1(c). ME-APPJ produces the NOγ
bands (200–300nm), the OH band (308 nm), the O line
(777 nm), and N2 emission bands (300–440nm) as well as
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Figure 1: ME-APPJ device and plasma properties. (a) Photograph of microwave-excited atmospheric pressure argon plasma jet for plasma
treatment on liquid. Diagnostics include optical emission spectroscopy. (b) Gas temperature vs. input power for different gas flow rates. (c)
Optical emission spectrum from 200 to 1,000 nm observed in the ME-APPJ (input power of 7W, gas flow rate of 1.3 SLM). Optical emission
intensities of RONS-related lines NO (283 nm), OH (308 nm), O (777 nm), and N2 (337 nm) were compared at various input powers (d) and
gas flow rates (e). (f) Boltzmann plots obtained from Ar lines for ME-APPJ (input power of 7W, gas flow rate of 1.3 SLM). And (g) the
changes of Texc as a function of input power at different Ar gas flow rates. (h) Measured H? line profile and the Voigt function fed to the
normalized line profile points for ME-APPJ (input power of 7W, gas flow rate of 1.3 SLM).
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excited Ar lines (500–1000 nm). In particular, the intensities
of OH radicals were observed to be higher than those of other
plasma sources reported previously [34]. Figure 1(d) shows
the optical emission intensities at different input powers. It
is observed that the emission intensities exhibit a monoto-
nous increase with the input power, indicating that the ME-
APPJ used in this study generates a stable plasma. On the
other hand, gas flow dependence is quite complicated. As
long as the flow is laminar, with the increase of the gas flow
rate, the distance where the working gas is mixed with
surrounding air also increases, which results in the higher
inclusion of N2 and O2 in the plume [43]. Therefore, in
Figure 1(e), with increasing flow rate, we observe a slight
increase in the intensity of N2∗ and O, but slight decreases
of OH and NO intensity. This seems to be caused by the
decreases in electron temperature and gas temperature with
an increasing flow rate. The RONS-related radicals generated
by plasma can contribute to chemical reactions and result in
the formation of short- and long-lived species in liquids or
within cells. In these plasmas, since the electron-atom colli-
sions and atom-atom collisions are the most important pro-
cesses, the electron excitation temperature (Texc) increases
with the electron temperature (Te) (although Te is estimated
to be a little higher than Texc) [44]. In Figures 1(f) and 1(g),
we present the Boltzmann plots and the changes of Texc as
a function of input power at different Ar gas flow rates. Texc
was in the range of 0.71~0.98 eV. And the electron density
is determined by the Stark broadening of the hydrogen Bal-
mer β line (486.15 nm) as described in other works [35, 44].
The estimated electron density was approximately 5:36 ×
1014 cm−3, as shown Figure 1(h).

3.2. Cytotoxic Effects of PAM on Various Cancer Cells and
Normal Cells. RONS in PAM contribute to oxidative stress
in the cell, which leads to cell death [45]. Thus, we investi-
gated the cytotoxic effect of PAM on human lung (A549)

cancer cells. As expected, PAM induced cell death of all the
cancer cells that we tested in a dose-dependent manner
(Figure 2). The effect of PAM produced under different con-
ditions on the viability of A549 cells was evaluated at 2, 6, 12,
and 24 hours post-PAM treatment. In Figures 2(a) and 2(b),
cell viability was decreased with increasing PAM incubation
time. However, the cell viability was not much affected by
PAM up to 6 hours post PAM treatment, which indicates
that PAM does not have an immediate effect on the viability
of cells [46]. When the cell was treated by PAM for 24 hours,
the cell viability decreased drastically but its dependence on
input power and flow rate was not significant. Although it
has been reported that PAM does not affect the viability of
normal lung fibroblast cells [47, 48], we confirmed that
PAM showed little cytotoxic effect on normal cells using
additional normal cell line human foreskin fibroblast
(Nuff). After the cells attached to the plate, PAM with
the two different flow rate conditions was applied to Nuff
cells for 24 hours. Figures 2(c) and 2(d) show the survival
of Nuff cells. As a result, it showed much lower cytotoxic-
ity than A549 cells. Taken together, it was confirmed that
ME-APPJ-produced PAM has high toxicity to A549 cells
than normal cells.

3.3. Measurement of Nitrite Concentration in PAM and PAM
Incubated with A549 Cells. The concentration of NO2

– was
measured in the stored PAM and the PAM incubated with
A549 cells for different input power, plasma exposure times,
and gas flow rate. The measurement of NO2

– concentration
was performed immediately (0 hour) and 1, 2, 3, 6, 12, and
24 hours after plasma exposure. The NO2

– levels in the
PAM increase with plasma exposure time, while it decreases
slightly with the gas flow rate (Figures 3(a) and 3(b)). As
shown in Figures 3(c) and 3(d), the NO2

– levels in the
PAM including A549 cells were kept at a similar level com-
pared to those in the PAM without cells, which indicates that
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Figure 2: Cell viability of cancer cells (a, b) and normal cells (c, d). Cells were treated with the PAM produced at different conditions. The gas
flow rates of plasma jet were 1.3 SLM and 1.9 SLM. Growth medium was exposed by plasma at 5, 7, and 8W for 180 sec (a, c). In (b, d), plasma
exposure time was 60, 120, and 180 sec at 7W. Following 2, 6, 12, and 24 hours of PAM treatment, cancer cells were incubated with MTT
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the presence of cells does not influence the nitrite concentra-
tion. Also, it was observed that NO2

– levels in the PAM with
and without cells remained not much changed during the
storage or incubation period.

3.4. H2O2 Measurement of Plasma-Activated Medium. The
concentration of H2O2 in the PAM was detected at 0, 0.5,

1, 2, 3, 6, 12, and 24 hours after plasma exposure for var-
ious operating conditions of plasma treatment. The H2O2
in the PAM is mainly provided by the plasma-generated
H2O2. The gaseous H2O2 is produced via recombination
of OH species or via HO2 (O2 + H⟶HO2; HO2 + HO2
⟶H2O2 + O2). Figure 4(a) shows the evolution of the
measured fluorescence of H2O2 in the stored PAM and
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Figure 3: Measurement of NO2
- concentration in PAM. The PAMwas produced at the conditions; the input power of 7W, the gas flow rates

1.3 SLM and 1.9 SLM, and plasma exposure time 0–180 sec. NO2
– levels were measured immediately and 1, 2, 3, 6, 12, and 24 hours after

plasma treatment in the stored PAM and the PAM incubated with A549 cells. Comparison of the NO2
– levels in the stored PAM (a, b)

and in the PAM incubated with A549 cells (c, d) for different incubation times.
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in the PAM incubated with the A549 cells produced at input
power 7W with different flow rates (1.3 and 1.9 SLM) and
three plasma exposure times (60, 120, and 180 sec). As shown
in Figure 4, the concentration of H2O2 in PAM is observed to

increase with the plasma exposure time. These results sug-
gest that there exists a strong correlation between cell via-
bility and H2O2 in the PAM. Considering the NO2

– and
H2O2 concentrations in the PAM applied to cancer cells
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Figure 4: Measurement of H2O2 concentration in PAM. Amplex red hydrogen peroxide/peroxidase assay kit was used to measure H2O2
change in the PAM. The PAM was produced at the conditions; the gas flow rates 1.3 SLM and 1.9 SLM, the input power of 7W, and the
exposure times 60, 120, and 180 sec. H2O2 concentration was measured immediately and 0.5, 1, 2, 3, 6, 12, and 24 hours after plasma
treatment on growth medium. Figures (a, b) show the H2O2 levels in the stored PAM. Figures (c, d) show the H2O2 concentration of
treated PAM on A549 cells. After the cell treatment, the concentration of H2O2 in PAM was measured using Amplex red fluorescence
(Ex/Em = 544/590 nm).
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Figure 5: Continued.
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shown in Figures 3 and 4, it can be stated that H2O2 mainly
contributes to the death of cancer cells after the indirect
cold plasma irradiation on the culture medium, as previ-
ously suggested [31, 32].

3.5. Intracellular ROS Measurement of A549 Cells and Nuff
Cells Treated with PAM. The concentration of H2O2 gradu-
ally decreases in A549-treated PAM due to self-degradation
(Figure 5(a)), while no significant change of H2O2 or NO2

–

concentration was observed in PAM treated to Nuff cells
(Figure 5(b)). A drastic decrease of H2O2 concentration in
the PAM applied to the cancer cells is attributed to the con-
sumption of H2O2 in oxidizing cancer cells [23, 37]. The
consumption is completed within 3 hours, and the concen-
tration level remains thereafter. Damage to the plasma
membrane by H2O2 not only increases its permeability to
extracellular reactive species but also induces apoptosis
[27, 28]. To measure the intracellular ROS level of A549
cells and Nuff cells by PAM, we used the Muse oxidative
kit. Negative staining is referred to as M1 (ROS-), whereas
the cells stained with the ROS-specific dye are referred to as
M2 (ROS+). When PAMwas applied to A549 cells for 2 hours
(Figure 5(a)), intracellular ROS was increased in an exposure
time-dependent manner. The positive ROS level was highest
when culture medium was exposed by plasma at 7W for
180 sec. Furthermore, the intracellular ROS level increased
rapidly from 2 hours after incubation (Figure 5(b)). As a
result, PAM can raise intracellular ROS levels in A549 cells
from 2 hours, and ROS are maintained for up to 24 hours.
On the other hand, when Nuff cells were treated with
PAM, intracellular ROS generation was lower than A549
cells (Figures 5(c) and 5(d)). Through these results, it was
confirmed that H2O2 generated from PAM had more influ-
ence on intracellular ROS generation in A549 cells than in
normal cells.

3.6. PAM Promotes Cell Death of A549 Cells via Induction
of Apoptosis and Cell Cycle Change. To evaluate the
apoptosis-inducing capability of PAM in A549 cells, the
cells were treated with PAM for 24 hours. Thereafter, apo-
ptosis was measured by the Muse Cell Analyzer. As shown in
Figure 6(a), PAM-induced apoptosis in A549 cells depends
on the plasma exposure time. In the PAM produced at
the condition of 1.3 SLM, 7W, and 180 sec, the ratio of
A549 cells undergoing total apoptotic cells was increased
from 11:91 ± 2:4% to 52:76 ± 0:06% after incubation for
24 hours. To determine pathways of apoptosis induced in
the A549 cells, the expression level of caspase-3/7 and the
change of cell cycle were examined by flow cytometry. In
Figure 6(b), the results showed a similar tendency observed
in the Annexin V staining. The total percentage of apo-
ptotic cells with activated caspase-3/7 was 29:61 ± 1:59%,
52:39 ± 0:04%, and 78:54 ± 0:01% for the plasma exposure
time of 60, 120, and 180 sec (at 1.3 SLM and 7W), respec-
tively, and 30:24 ± 1:73%, 49:01 ± 1:18%, and 75:7 ± 0:01%
for the plasma exposure time of 60, 120, and 180 sec (at
1.9 SLM and 7W), respectively. As shown in Figure 6(c),
A549 cells incubated with PAM showed a reduction of cells
in G0/G1, whereas the percentage of cells in the sub-G0/G1
phases was increased in a dose-dependent manner. These
results indicate that apoptosis induced by PAM is related to
cell cycle arrest.

3.7. PAM Regulates Phosphorylation of JNK and p53 and
Activation of Bax. In order to investigate the underlying
mechanism of the effects of PAM on A549 cells, western blot
analysis was used to measure the expression levels of JNK,
p53, and Bax. First, JNK is known to increase the phosphor-
ylation level by ROS [49]. Observing that the intracellular
ROS level of A549 cells was increased by PAM treatment in
Figure 4, we checked the phosphorylation expression change
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Figure 5: Detection of intracellular ROS in A549 and Nuff cells. (a) H2O2 concentration was measured 1, 2, 3, and 24 hours after incubation
with PAM. Consumed NO2

– or H2O2 concentration (μM) was calculated as concentration of storage PAM–concentration of incubated PAM
with the cells. (b) NO2

– levels were measured 1, 2, 3, and 24 hours after plasma treatment in the PAM incubated with cells. (c) Histogram
showed the intracellular ROS generation after PAM treatment on A549 cells for 2 hours. (d) Bar graphs showed the quantitative analyses
of the intracellular ROS after PAM treatment for 1, 2, 3, and 24 hours. Intracellular ROS of Nuff cells treated with PAM for 2 hours (e)
and bar graphs (f). The plasma exposure conditions were two flow rates (1.3 SLM and 1.9 SLM), three exposure times (60, 120, and
180 sec), and input power 7W. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 vs. control. n.s. denotes p > 0:05 vs. controls.
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of JNK. As shown in Figure 7(a), p-JNK expression was
induced dependently on plasma exposure time. Furthermore,
we investigated whether p53, which is known as a subsignal
of JNK, is involved in the effects of PAM on apoptosis [50].
The results indicated that the phosphorylation of p53 was
increased. In addition, phosphorylated p53 can induce cas-
pase signaling by increasing the amount of Bax [51]. In the
result of Figure 6(b), we already showed that PAM can acti-
vate caspase-3/7 in A549 cells. To confirm this result, we
evaluated the expression level of Bax. PAM significantly
induced Bax protein expression levels in A549 cells. Taken
together, PAM can induce apoptosis by regulating the
expression change of JNK/p53/Bax signaling.

4. Discussion

It was observed that ME-APPJ treatment induced a signif-
icant increase of RONS in media. The generated RONS in
the PAM were measured by a colorimetric assay and com-
pared with gaseous RONS in the plasma measured by
optical emission spectroscopy [52, 53]. Plasma generation
of reactive species appears to be governed by the total
energy (input power × plasma exposure time). The gas tem-
perature tended to increase as the input power increased
and to decrease as the gas flow rate increased. Previous
studies reported that four long-lived reactive species
(H2O2, NO2

–, NO3
–, and O3) were dominant in PAM
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Figure 6: Induction of apoptosis in A549 cells by PAM. The percentage of the apoptotic cells was determined using the Muse Cell Analyzer.
Medium irradiated with plasma at 7W was applied to A549 cells for 24 hours. The distribution of apoptosis in A549 cells was measured using
Annexin V/Dead Cell Assay (a) and caspase-3/7 detection reagent (b). (c) Histograms show the effect of PAM on cell cycle profile. ∗p < 0:05,
∗∗p < 0:01, and ∗∗∗p < 0:001 vs. control. #p < 0:05 and ##p < 0:01 vs. 100 μM H2O2.
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[54]. The present study investigated the effects of NO2
–

and H2O2 in the PAM with A549 human lung cancer
cells. The results revealed that in the case of the PAM
without cancer cells, the concentrations of both species
were decreased with the storage time. However, reduction
of NO2

– was not affected by incubation with A549 cells.
On the other hand, the concentration of H2O2 in the
PAMwith A549 cells was observed to decrease rapidly accord-
ing to the incubation time. Furthermore, we observed that
intracellular ROS was increased rapidly from 2 hours after
A549 cells were treated with the PAM. These results suggest
that hydrogen peroxide in the PAM influenced the increase
of the intracellular ROS level in A549 cells.

Additionally, viability of A549 cells was weakly affected
by input power and gas flow of the PAM but strongly
affected by plasma exposure time. The indirect treatment
by the ME-APPJ-produced PAM results in considerable
cell death, indicating that PAM has a comparable killing
effect comparable to that by the direct treatment of APPJ.
We confirmed that cell death of A549 cells was induced
via apoptosis using the Annexin V staining assay. Further,
through some additional experiments, we have discussed
the pathways of apoptosis. Firstly, the cell cycle analysis
in the present study indicates a decrease of G0/G1 and
an increase of sub-G0/G1, confirming that apoptosis may
result from cell cycle arrest. Vedakumari et al. showed that
BV-ERB-FN-treated A549 cells exhibited efficient cell cycle
arrest with a decrease in the G0/G1 phase and an increase
in the sub-G0/G1 phase resulting in apoptosis of cancer
cells [55]. Secondly, our study showed that the expression
level of caspase-3/7 was increased after the PAM treatment
in the A549 cells. Caspase plays a central role in the pro-
cess of apoptosis. Among them, caspase-3/7, which acts as
an effector caspase, promotes apoptosis by receiving sig-
nals from higher caspase [56]. It has also been reported
that a caspase-3-dependent apoptosis pathway is induced
by cell cycle arrest [57]. And it was found that caspase-
3/7 was activated at a higher rate by the PAM containing

certain concentration of H2O2 than when only H2O2 at
corresponding concentrations was added to the A549 cell
culture. Finally, this study demonstrated that PAM induce
apoptosis in human lung cancer cells through regulation
of the JNK/p53/Bax signaling pathway. JNK/p53/Bax pro-
tein is a major factor known to induce apoptosis. Using
western blot analysis, we revealed that elevated intracellu-
lar ROS induced phosphorylation of JNK, and p-JNK also
increased phosphorylation of p53. As a result, Bax protein
expression was increased. Eventually, this signaling path-
way leads to apoptosis following caspase-3/7 activation
(Figure 7(b)).

In anticancer studies using the PAM, it is reported that
the PAM can induce the apoptosis signaling in cancer
cells. In human cervical cancer cells, CAP induced oxida-
tive stress on the mitochondria, increasing the transmem-
brane potential and promoting the release of apoptosis
factor, which is regulated by the Bcl-2 family, which even-
tually activates caspase cascade [58]. Arndt et al. reported
that a CAP device utilizing surface microdischarge tech-
nology showed anticancer effect in melanoma cells. CAP
treatment induced DNA damage and regulated cell cycle,
leading to increased apoptosis. It also induced proapopto-
sis events such as cytochrome C release, p53 and Rad 17
phosphorylation, and caspase-3 activation [16]. Moreover,
PAM has been reported to inhibit metastasis of ovarian
cancer cells. It was found that it reduced the expression
of MMP-9 and prevented the activation of the MAPK
pathway by inhibiting phosphorylation of JNK 1/2 and
p38 MAPK [59]. Thus, although there are many reports
on the PAM-induced apoptosis pathway, there is a lack
of basic evidence.

In our study, it was demonstrated that hydrogen peroxide
in PAM effectively increases intracellular ROS of A549 cells
and induces cell cycle arrest, caspase-3/7 activation, and
JNK/p53/Bax signaling regulation, ultimately leading to apo-
ptosis. Even if the intracellular ROS increased rapidly from
2 hours, cell death takes some time. The reason is that being

(a)

PAM

JNK p-JNK
Bax

p53 p-p53
Caspase 3/7

Apoptosis

Intracellular
ROS

(b)

Figure 7: Activation of JNK/p53/Bax signaling in A549 cells by PAM. The A549 cells were treated for 0.5 h by PAM produced at the 1.9 SLM
and 7-watt conditions. The protein expression change of JNK, p53, and Bax in PAM-treated A549 cells was measured by western blot analysis
(a). (b) PAM reduces cell viability and induces apoptosis in A549 cells through the JNK/p53/Bax and caspase signaling pathway.
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ROS the upper mediator, it takes time for the lower media-
tors to receive signals and change their expression. In fact,
ROS are toxic to certain cells when present in higher concen-
tration. Thus, PAM may exert additive effect on anticancer
activity by adding more ROS into the cells, when the endog-
enous level of ROS itself is not enough to induce the cell
death of the cancers. As shown in Figure 5, the cell viability
decreased after 6 hours because cells need enough time to
accumulate factors that cause apoptosis. In normal cells, on
the other hand, PAM-induced intracellular ROS levels were
low, resulting in lower cell cytotoxicity. The selectivity may
be due to the difference in consumption of H2O2 into cancer
cells and normal cells. The results are very suggestive of a cor-
relation between the production of gaseous RONS in the
plasmas and aqueous RONS in the PAM (and its cellular
effect). The result implies that the PAM produced by ME-
APPJ gives a controllable production of RONS and the stan-
dardized plasma source employed in this work can contrib-
ute to the validation and reproducibility of cancer therapy
by PAM.

5. Conclusions

We have shown that PAM produced by ME-APPJ had a sig-
nificant cytotoxic effect on A549 cells but had little effect on
normal cell viability. In particular, hydrogen peroxide has
been shown to play an important role in inducing anticancer
effects. In this study, we present the rationale for the funda-
mental effect of PAM on cancer cells. Cell death of A549 cells
was mainly via apoptosis, which occurred due to a higher
level of intracellular ROS and was accompanied by cell cycle
arrest and caspase-3/7 activation. Altogether, these results
suggest that CAP therapies based on ME-APPJ-produced
PAM may be a good consideration for human lung cancer
treatment.
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