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RESEARCH ARTICLE
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Abstract

Objective

Cold atmospheric plasma (CAP) has recently been shown to selectively target cancer cells

with minimal effects on normal cells. We systematically assessed the effects of CAP in the

treatment of glioblastoma.

Methods

Three glioma cell lines, normal astrocytes, and endothelial cell lines were treated with CAP.

The effects of CAP were then characterized for viability, cytotoxicity/apoptosis, and cell

cycle effects. Statistical significance was determined with student's t-test.

Results

CAP treatment decreases viability of glioma cells in a dose dependent manner, with the

ID50 between 90-120 seconds for all glioma cell lines. Treatment with CAP for more than

120 seconds resulted in viability less than 35% at 24-hours posttreatment, with a steady

decline to less than 20% at 72-hours. In contrast, the effect of CAP on the viability of NHA

and HUVEC was minimal, and importantly not significant at 90 to 120 seconds, with up to

85% of the cells remained viable at 72-hours post-treatment. CAP treatment produces both

cytotoxic and apoptotic effects with some variability between cell lines. CAP treatment

resulted in a G2/M-phase cell cycle pause in all three cell lines.

Conclusions

This preliminary study determined a multi-focal effect of CAP on glioma cells in vitro, which

was not observed in the non-tumor cell lines. The decreased viability depended on the
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treatment duration and cell line, but overall was explained by the induction of cytotoxicity,

apoptosis, and G2/M pause. Future studies will aim at further characterization with more

complex pre-clinical models.

Introduction
Cold atmospheric plasma (CAP) is a partially ionized gas that can focally deliver low levels of
ultraviolet (UV) radiation and ionized particles to synergistically generate reactive oxygen spe-
cies (ROS). This technology has demonstrated efficacy in several biomedical applications rang-
ing from anti-bacterial decontamination to promotion of wound healing [1]. The anti-growth
effects of CAP on prokaryotic cells are well established, but its effects on eukaryotic cell remain
largely uncharacterized. Lower dosages (i.e. duration or power) of helium-CAP can stimulate
detachment, migration, and proliferation in fibroblasts [2], endothelial [3,4] and smooth
muscle cells in vitro [5,6]. Several studies investigating the role of CAP in various cancers have
shown promise [7–10]. In addition, we recently showed that application of CAP can selectively
induce apoptosis in various cancer cell lines in vitro and significantly reduce in vivo tumor size
of a murine melanoma model [11]. Our group also recently demonstrated a key mechanism of
cell cycle interference in malignant cells [12]. In specific, we have shown that CAP treatment
induced a robust increase in the G2/M population in epidermal cancer cells but not in non-
malignant cells in vitro.

Glioblastoma is a highly malignant primary central nervous system neoplasm associated
with poor survival and is invariably fatal. It is considered one of the most aggressive forms of
human cancers, characterized largely by its rapid growth, extensive angiogenesis, and invari-
able resistance to all current therapies. Consequently, treatments remain largely palliative
despite recent advances with the integration of multi-modal therapies. The current standard of
care, known as the Stupp protocol, improves median survival up to 14.6 months [13] with five-
year survival at less than 10% [14].

Recurrence of glioblastoma is typically local, due in large part to poor treatment distribu-
tion, limited therapeutic penetration, and development of drug resistance to chemotherapeutic
agents [15,16]. Current radiation protocols are limited by the side-effect profile due to poor
specificity. Bevacizumab remains on the only FDA approved treatment at recurrence with
median survival ranging 3.9 to 9.2 months [17–19]. Thus it is necessary to develop novel tools
that can provide selective targeting of proliferating cells to enhance current therapies. Cold
non-thermal atmospheric plasma can offer a highly precise means of delivering chemically spe-
cific modifications to an area such as a resection cavity, with high selectivity for actively prolif-
erating cells. The combination of ROS generation from charged particles and UV could also
provide a distinctive advantage in inducing a multi-faceted mechanism of selective cellular
injury [20–23]. These characteristics could establish CAP as an adjunctive treatment for glio-
blastoma. In this preliminary study, we thus sought to characterize the in vitro effects of CAP
on three distinct glioma cell lines in comparison to normal human astrocytes (NHAs).

Methods

Cell Lines and Cell Culture
Glioma cell lines (U87, U373, A172) and human umbilical vein endothelial cells (HUVEC)
were obtained from the American Type Culture Collection (Manassas, VA). Human normal
astrocytes E6/E7 were generously donated by Dr. Andrew Parsa at The University of California
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San Francisco. All the cell lines were maintained at 37°C, 5% CO2 in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (HyClone, Logan, UT)
plus 1% penicillin/streptomycin mixture. At ~70% confluence, the cells were re-plated onto (1)
96-well plates for the MTT assay and ApoTox-Glo™ Triplex assay, or (2) 12-well plates for cell
cycle determination through propidium iodide staining followed by flow cytometry. Experi-
ments were undertaken 48 hours post-plating, at ~40% confluence.

CAP (Cold Atmospheric Plasma) Jet
The CAP jet is the dielectric barrier discharge in helium that is described elsewhere [24] (see
Fig 1). The parameters of the CAP were an output voltage between 4.5–5 kV, a frequency of
13 kHz and a helium flow rate at 5 L/min. Energy produced in the CAP device is in the order of
100 J in the case of tens of seconds to minutes of treatment. However only a small fraction of
the discharge energy is associated with the jet. Indeed it is about 1% of the discharge energy
that is deposited in the jet [2,12]. Taking into account the characteristic scale of the jet of about
cm, it can be estimated that the dose is about 1J/s per cm2.

The ionized nitrogen species and highly reactive oxygen radicals are present in the CAP
spectrum, which was stable over time, and consisted largely reactive nitrogen and oxygen spe-
cies (Fig 2) [25]. We used experimental protocol established in our earlier studies [12] All
experiments with cold plasma were conducted at 48 hours post-plating. The cells were all
immersed in media during CAP treatment and fresh medium was added to the cells immedi-
ately after CAP treatment. All experiments were performed in at least quintuplets and verified
a second time.

MTT Assay
The MTT assay was used to quantify viability of each cell line after treatment with CAP for 60
to 180 seconds. The cells were incubated with 1.7 mM of Thiazolyl Blue Tetrazolium Bromide
(Sigma, cat#M2128) for 3 hours at 37°C. This tetrazolium salt is metabolically reduced by the
mitochondria of viable cells to yield a blue insoluble Formosan product that is detectable
spectrophotometrically. The percentage of surviving treated cells compared to control cells was
calculated from the average OD570 values obtained in each experiment, and plotted over time.
The MTT assay was performed at 24, 48, and 72 hours post-CAP treatment.

Untreated controls were maintained throughout the experiment as a negative control, also
measured at 570 nm. The viability of the treated cells were calculated as a percentage this nega-
tive control.

Fig 1. Cold Atmospheric Plasma (CAP) jet setup. (A) Cold atmospheric plasma (CAP) jet, with which can
be mounted for treatment directly over culture plate containing various glioma cell lines (U87, U373, A172) for
various durations. (B) The parameters of the CAP were an output voltage between 4.5–5 kV, a frequency of
13 kHz and a helium flow rate at 10 L/min. The distance between the jet and the base of the culture plate was
maintained at 20 mm, yielding an average jet dose of 0.8 J/sec/cm2.

doi:10.1371/journal.pone.0126313.g001
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ApoTox-Glo Triplex Assay
The ApoTox-Glo Triplex Assay was purchased from Promega Corp (G6320; Madison, WI).
This assay combines three distinct chemistries to assess viability, cytotoxicity, and caspase 3/7
activity within a single well format, as per protocol. Briefly, the simultaneous measurement of
two proteases was used as markers of viability and cytotoxicity through glycylphenylalanyl-
aminofluorocoumarin (GF-AFC) and bis-alanylalanyl-phenylalanyl-rhodamine 110 (bis-
AAF-R110), respectively. GF-AFC is cell permeable and thus enters an intact cell where it is
cleaved by a live-cell protease to generate a fluorescent signal proportional to the number of
living cells. Conversely, this live-cell protease becomes inactive upon loss of cell membrane
integrity and leakage into the surrounding culture medium. Bis-AAF-R110 is used to measure
dead-cell protease activity, which is released with loss of cell membrane integrity. As bis-
AAF-R110 is not cell-permeable, no signal is generated from intact cells. The simultaneous
determinaton of both products was made possible due to different excitation/emission spectra,
as measured by the BioTek Synergy H1 Hybrid Microplate Reader. The viability and cytotoxic-
ity were measured at 4, 24, and 48 hours post-CAP treatment.

The second component of the assay utilizes a caspase-Glo™ 3/7 reagent in lysed cells, which
produces luminescent signal by luciferase that is measured by a BioTek Synergy H1 Hybrid
Microplate Reader. The caspase 3/7 activity was measured at 4, 24, and 48 hours post-CAP
treatment.

Cell Cycle Determination with Flow Cytometry
Each of the glioma cells were plated in 24-well plates. After 48 hours, at ~ 40% confluence, the
cells were treated for either 90 or 120 s CAP. After treatment with CAP, the DNA content
stained with propidium iodide/RNase staining buffer (BD Pharmingen, cat# 550825) in 0.1%
Triton X-100. Cells were trypsinized with 0.25% Trypsin EDTA (Invitrogen, Gibco, cat#
25200), washed with PBS prior to fixation in 70% ethyl alcohol, stored at -20°C for 24 hours
and then stained.

Fig 2. Spectral Characterization of CAP jet. Spectra of reactive species generated by CAP on media
(DMEM, 10% FBS, 1% abx), which produces a stable proportion of reactive species over the duration of
treatment (30 to 180 seconds).

doi:10.1371/journal.pone.0126313.g002
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DNA content was measured using flow cytometry on a FACSCalibur DxP8 at the GWU
Flow Cytometry Core Facility (manufactured by BD Biosciences and upgraded by Cytek Devel-
opment). The analyzer is equipped with three lasers (providing excitation wavelengths of 488,
637 and 407 nm) and eight detectors for fluorescence. The DNA content was measured at 24
and 48 hours post-CAP treatment.

Statistical Analysis
Results are expressed as mean ± SEM. A one-way analysis of variance was performed for multi-
ple comparisons, and if there was a significant variation between the treatment groups, the
mean values for a treated group were compared with those of the control by Student’s t test; p
values of less than 0.05 were considered statistically significant. The n values indicate the num-
bers used in each experiment. The ID50 (inhibitory duration which caused 50% inhibition) was
estimated using a linear regression method with Microsoft Excel, 2007.

Results

CAP Treatment Decreases Viability of Glioma Cells
The in vitro exposure of all three glioma cell lines resulted in a dose-dependent and predictable
decline in viability as assessed by the MTT assay (Fig 3). At maximal treatment duration of 180
seconds, viability decreased to less than 15% compared to control by 24 hours post-treatment
for all three cell lines, in contrast to 60 seconds treatment which had only modest effects
depending on the cell line (Table 1). Treatment with CAP for 120 seconds was the shortest
duration that produced a global decline across all three glioma cell lines. CAP treatment for 90
seconds resulted in sustained decline even at 72 hours post-treatment for A172 and U373 in
contrast to U87 which seemed to plateau at 72 hours (Fig 3).

From this data, the duration of treatment necessary to decrease the viability by 50% (ID50)
was calculated for each cell line at 24, 48 and 72 hours post-treatment (Fig 4). At 24 hours
post-treatment, the ID50 was seen at between 90 and 120 seconds for all three cell lines. At 48
and 72 hours post-treatment, the ID50 for treatment duration declined for U373 and A172, but
remained relatively stable for U87 displaying a higher duration of treatment to achieve a 50%
reduction in viability in the U87 cell line. Overall, the ID50 was achieved with a treatment dura-
tion of between 90 to 120 seconds.

Fig 3. Cell viability under CAP treatment.Results of MTT assay from (A) A172, (B) U373, (C) U87, (D)
NHA and (E) HUVEC treated with varying durations of cold atmospheric plasma (CAP). After treatment, the
MTT assay was performed at 24, 48, and 72 hours. Viability was calculated relative to control. All three glioma
cell lines exhibited a dose-dependent decline in viability with CAP treatments ranging from 60 to 180
seconds. The effects of CAP were sustained up to 72 hours post-treatment. Compared to the other two
cancer cell lines, U87 seemed to be more resistant to CAP treatment for 90 seconds. No significant response
was seen with NHA, and only transient effects observed on HUVEC cells. * denotes statistical significance
compared to control (P <0.05).

doi:10.1371/journal.pone.0126313.g003
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CAP Treatment Does Not Decrease Viability of NHA and HUVEC Cells
In contrast to the glioma cells, CAP treatment did not significantly decrease the viability on
NHA and HUVEC cells as assessed by the MTT assay. At the maximal treatment duration of
180 seconds, the viability of the NHA remained 78% at 72 hours post-treatment. No significant
decline in viability was observed for treatment times between 60 to 120 seconds in NHA cells
(Fig 3D).

A transient but significant decline to>85% viability was observed at 24 hours with CAP
treatments of 60 to 120 seconds, followed by reconstitution to greater than 95% viability by 72
hours (Fig 3E).

Table 1. Comparison of cell viability under Cap treatment in three different glioma cell lines.

MTT Assay Post-Treatment (hours) Duration of CAP Treatment (seconds) Glioma Cell Line % Viability (SEM)

A172, (n = 22) U373, (n = 22) U87 (n = 22)

24 60 86 (0.09) 97 (0.04) 90 (0.05)*

90 69 (0.03)* 64 (0.06)* 76 (0.04)*

120 17 (0.04)* 28 (0.07)* 32 (0.09)*

180 4 (0.04)* 6 (0.01)* 7 (0.01)*

48 60 88 (0.2) 67 (0.05)* 81 (0.04)*

90 45 (0.1)* 42 (0.06)* 56 (0.04)*

120 14 (0.03)* 28 (0.08)* 31 (0.03)*

180 13 (0.04)* 28 (0.09)* 7 (0.02)*

72 60 114 (0.14) 59 (0.05)* 74 (0.04)*

90 33 (0.04)* 31 (0.06)* 55 (0.02)*

120 9 (0.02)* 18 (0.05)* 13 (0.03)*

180 12 (0.05)* 10 (0.03)* 6 (0.02)*

Results of MTT assay from three glioma cell lines, A172, U373, and U87 treated with varying durations of cold atmospheric plasma (CAP). After

treatment, the MTT assay was performed at 24, 48, and 72 hours. Viability was calculated relative to control.

*Denotes significance to p< 0.05 relative to control.

doi:10.1371/journal.pone.0126313.t001

Fig 4. Inhibitory dose of CAP (ID50). Duration of CAP treatment necessary to decrease viability by 50%,
termed the inhibitory duration (ID50). The ID50 for (A) A172, (B) U373, and (C) U87 is between a treatment
duration of 90 to 120 seconds with CAP. The ID50 for A172 and U373 declined at 48 and 72 hours more
significantly than in U87, indicating a relative treatment resistance to CAP in U87. (D)The ID50 for all cell lines
are between 90 to 120 seconds at 24 hours.

doi:10.1371/journal.pone.0126313.g004
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CAP Treatment Results in Both Cytotoxic and Apoptotic Effects in
Glioma Cells
Treatment with CAP for 60 seconds resulted in significant cytotoxicity for A172 at 24 and 48
h, and for U373 at 4 and 48 hours (Fig 5). Treatment with CAP for 90 seconds resulted in a sta-
tistically significant increase in cytotoxicity for A172 at 24 and 48 hours, U373 at 48 hours.
CAP treatment for 120 seconds resulted significant cytotoxicity for A172 at 4 and 24 hours,
and for U373 at 4 and 48 hours. No significant cytotoxicity was observed in U87 glioma cells at
any time with CAP treatment, indicating again a differential response and the overall resilience
of U87 to CAP.

Apoptosis, as measured by functional caspase 3/7 activity, was also variable across the gli-
oma cell lines (Fig 6). A significant increase in caspase 3/7 activity for A172 was seen at 4, 24,
and sustained at 48 hours after 60 seconds treatment with CAP. In U373, caspase 3/7 activity
was only increased with 120 seconds treatment at 48 hours post-CAP. A significant decrease in
caspase 3/7 activity was noted at 4 and 24 hours post-treatment for 60, 90 and 120 seconds,
which complement the findings of cytotoxicity. Caspase 3/7 activity significantly declined com-
pared to control at 24 and 48 hours post-CAP treatment for 120 seconds.

CAP Treatment Results in a G2/M pause Seen in All Glioma Cell Lines
Consistent with our previous findings [12], CAP treatment manifested a robust increase in the
G2/M population. Treatment of U87 cells with CAP for 90 and 120 seconds resulted in a
greater than two-fold increase in the G2/M population at 24 and 48 hours post-treatment (Fig
7). No significant difference was found at 8 and 72 hours post-treatment. Treatment of U373
cells with CAP for 90 seconds increased the G2/M and S-phase population at 24 hours, with a
sustained greater than two-fold increase in the G2/M-phase population at 48 and 72 hours.
Treatment of U373 with CAP for 120 seconds resulted in a greater than two-fold increase in
the G2/M-phase population at 24 and 48 hours post-treatment, with a modest but significant
increase in the S-phase population at 24 hours. CAP treatment of A172 cells resulted in a sig-
nificant increase in the G2/M population at 48 and 72 hours.

Fig 5. Cytotoxic effects of CAP treatment in three different glioma cell lines. Briefly, cells were treated
with CAP for 60, 90 or 120 seconds, incubated with bis-AAF-R110 at 4, 24 and 48 hours post-treatment for 30
minutes for 30 minutes, and emission quantified, as per protocol. bis-AAF-R110 cleavage calculated and
plotted relative to untreated control cells. (A) Cytotoxicity was greatest for A172 24 hours post-treatment. (B)
Cytotoxicity was greatest for U373 at 3 and 48 hours post-treatment. (C) CAP treatment did not produce a
significant amount of cytotoxicity, as measured by bis-AAF-R110 cleavage.* denotes statistical significance
compared to control (P <0.05).

doi:10.1371/journal.pone.0126313.g005
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Fig 6. Apoptotic effects of CAP treatment in three different glioma cell lines. Briefly, cells were treated
with CAP for 60, 90 or 120 seconds, incubated with DEVD at 4, 24 and 48 hours post-treatment for 30
minutes, and emission quantified, as per protocol. DEVD cleavage calculated and plotted relative to
untreated control cells. (A) Treatment with the lowest dosage of CAP, 60s, induced apoptosis in A172. Higher
dosages induced cytotoxicity instead of apoptosis. (B) Apoptosis was significantly increased at 48 hours
post-CAP at 120 seconds. At 4 and 24 hours post-CAP, a significant decline in caspase 3/7 activity was
detected, likely representing a decline in total population due to the cytotoxic effects observed in Fig 3. (C) No
significant increase in caspase 3/7 activity was noted with CAP treatment of U87 cells.* denotes statistical
significance compared to control (P <0.05).

doi:10.1371/journal.pone.0126313.g006

Fig 7. Determination of the cell cycle effect induced by CAP treatment in each glioma cell line. Briefly,
each of the glioma cells were treated with 90s CAP, and DNA content was measured at 24, 48, and 72 hours
post-CAP treatment. In A172, CAP treatment for 90s resulted in a significant G2/M arrest at (B) 48 and (C) 72
hours, but not at (A) 24 hours. In U373, 90s CAP treatment resulted in a significant increase in the S-phase
and G2/M population at (D) 24 hours and sustained at (E) 48 and (F) 72 hours. In U87, CAP treatment for 90s
resulted in a significant increase in the G2/M population at (G) 24 and (H) 48 hours that diminished by (I) 72
hours. * denotes statistical significance compared to control (P <0.05).

doi:10.1371/journal.pone.0126313.g007
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Discussion
The unique chemical and physical properties of cold atmospheric plasmas have permitted
broad applications in biomedicine, and the recent emergence of the field of plasma healthcare.
The most widely established use of plasma is for the sterilization of fragile materials sensitive to
thermal damage. Subsequent studies have identified several clinical uses ranging from dental
care to various skin diseases such as wound healing, foot fungus, and general hand sterilization
without disturbing the skin barrier [26–28]. In contrast to conventional lasers, which are based
on thermal-mediated interactions with tissues that result in necrosis and permanent tissue
injury, non-thermal plasmas operate at temperatures closer to room temperature to promote
focal cell removal without inducing surrounding necrosis. The aim of plasma interaction with
tissue is not to denature the tissue but rather to operate under the threshold of thermal damage
and to induce chemically specific response modification. In particular, the presence of plasma
can promote chemical reactions that would have the desired effects. The plasma jet provides
that necessary control for directed treatment within a few millimeters in addition to offering a
multifaceted method of cellular injury.

Investigations into the mechanism of injury have pointed to a synergy of several major bio-
logically active components: (1) reactive oxygen species, (2) charge particles, (electric field) (3)
UV (primarily UV-C) radiation and (4) ionizing radiation to generate reactive species to cause
further damage [1,29]. The substrates that might be affected by the radiation energy are cellular
macromolecules (i.e. lipids and proteins) and DNA damage with pyrimidine dimerization [30–
33]. Reactive species are inherently unstable, and can directly induce cellular toxicity. These
reactive species detected in our cold plasma jet include O3, NO, OH radicals, and super oxide
radicals. Current research supports the primary effect of the CAP as related to the effect of
these free radical species on the tumor cells themselves. Both normal cells and cancer cells are
known to display a baseline level of reactive species within the cell membrane. However, this
level within cancer cells is considerably higher. Consequently, the threshold at which cells are
killed via these free radicals is reached at a much more rapid level.[34–37]. Current research is
evaluating the effect of cell media treated via CAP without the presence of plated cells to further
elucidate the role of these free radicals. Thus it becomes critical to stringently regulate the dis-
tribution of the treatment, which is provided by the plasma jet. However, the true extent of the
effects induced by CAP remain to be fully elucidated, as exposure to alternating electrical cur-
rent can arrest glioblastoma cell proliferation in vivo [38] and can also enhance chemotherapy
efficacy in vitro [39].The effects of cold plasma in eukaryotic cells are diverse and dependent
on easily modifiable characteristics such as the treatment duration, power, and the gas compo-
sition/pressure used to control chemical reactions [24,40]. Previous studies showed that
CAP treatment was highly effective in treating a host of solid tumor malignancies in vitro [7–
10,35,41–43], with some studies indicating a selectivity for cancerous cells [11,44]. In this pilot
study we sought to broadly characterize the efficacy of CAP in three distinct glioblastoma cell
lines without damaging normal human astrocytes in vitro, with the subsequent goal of transi-
tioning into more complex pre-clinical models.

While prior research displayed a dose dependent effect of CAP on such tumors as colon
cancer, our data indicate a dose-dependent effect of CAP on glioma cells, and suggests an opti-
mal treatment duration between 90 to 120 seconds based on the ID50 [45]. In general, CAP
treatment decreased viability in all three glioma cell lines, with NHA and HUVEC cell lines
remaining largely unaffected by 72 hours post-treatment. Consistent with our findings in other
malignancies [12], CAP induced a G2/M cell cycle pause in all three cell lines. This cell cycle
pause is the most likely explanation for the MTT assay results, as the decreased viability may be
the result of either decreased cell growth compared to control or an induction of apoptosis to
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decrease overall cell numbers. An additional explanation could stem from the early or delayed
effects of CAP on the mitochondria [37], as dysfunctional mitochondria independent of apo-
ptosis induction could confound the MTT assay results. However, this is unlikely the case espe-
cially with the longer treatment duration as the morphologic cell number changes were noted
under light microscopy (data not shown).

Among the three glioma cell lines, some variability in sensitivity to CAP treatment is seen
based on the MTT assay, with the greatest albeit non-significant resilience seen in the U87 cell
line. Examination into the cytotoxic and apoptotic effects also suggests that U87 glioma cells
were more resistant to CAP treatment. However, the ID50 for U87 remained between 90 and
120 seconds. With regards to the U373 and A172, treatment with CAP resulted in varying but
significant degrees of cytotoxicity and caspase 3/7 activation that account for the decreased via-
bility seen with the MTT assay. In specific, U373 exhibited early and delayed cytotoxic effects
from CAP with a significant increase in apoptosis observed 48 hours post-treatment. Coupled
with the observation that the cell cycle of U373 cells are exquisitely sensitive to CAP treatment,
it is likely that the decreased viability in U373 cells are due to early direct effects and also
delayed indirect effects induced by CAP. With regards to the A172 cell line, the predominant
mechanism of CAP-mediated injury was cytotoxicity, with a significant increase in apoptosis
at the lower CAP treatment duration. The results also indicate that varying the duration of
CAP treatment can favor either cytotoxicity resulting in necrosis or apoptosis.

Gene expression studies have indicated that glioblastoma are composed of distinct subtypes
[45], with differences in pathway dependence. The variance in responses to CAP is likely a
manifestation of the distinct entities within glioblastoma. Although it is unknown which sub-
types the glioblastoma cell lines are most similar to, it is known that U87 expresses a wild-type
p53 whereas U373 and A172 express a mutated form of p53 [46], a key difference that could
explain our finding of the resilience of U87 to CAP therapy. Additional analyses involve further
elucidation into the key mediators of apoptosis, especially the condition of the mitochondria
post-treatment, as previous studies indicate the mechanism of apoptosis is likely mitochon-
dria-mediated [37].

Although more rigorous studies are necessary, CAP may be a promising option to address
the limitations of the current treatment algorithm. Glioblastoma is a highly infiltrative tumor
that extends beyond the margins of a clinical target volume. Whether it is "micro-infiltration"
or en masse infiltration, current therapies can benefit from the addition of a treatment modal-
ity specifically directed towards the resection cavity as a great majority of the recurrences are
local [47]. Three major obstacles exist in delivering treatments to highly infiltrative solid
tumors; (1) treatment penetration, (2) treatment specificity, and (3) tumor cell resistance to
treatment. Traditional treatment strategies that utilize vascular delivery are limited by diffu-
sion, and hence are complicated by a stiff extracellular matrix, abnormal vasculature and ele-
vated interstitial fluid pressure which act as significant barriers to drug diffusion and overall
poor penetration [48,49]. The specificity of treatment is critical in highly infiltrative tumors
where tumor cells are intermixed within normal parenchyma. The third consideration is the
tumor's ability to develop resistance to current therapies. The proposed mechanisms of resis-
tance are varied in glioblastoma, and are likely the result of the combination of tumor cell het-
erogeneity, specifically tumor stem cells [50–52], and it's protective tumor microenvironment
[53,54]. The CAP treatment modality does not depend on the vasculature, and thus its penetra-
tion is not diffusion dependent. The plasma jet is very focal, which permits a well-defined treat-
ment field. CAP has also been shown to differentially affect tumor cells [11,44], but the specific
parameters for glioblastoma remain to be elucidated. In regards to tumor cell resistance, CAP
is unique for its multi-modal genotoxic and phototoxic effects, which could provide a distinc-
tive advantage as a more effective treatment. In the special range of 250–300 nm, there are very
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weak emission lines, which are detected as NO lines. Previously it was shown that the inactiva-
tion effect on bacteria by UV-radiation is mostly related to the DNA/RNA damage in UV
wavelength of 200–280 nm. Thus, it can be concluded that UV photons are a not major CAP
species within the experimental setup [55].

Synergistic effects of UV and ionizing radiation have been previously described [22,23], and
the additional treatment of DBD could enhance current chemotherapies by inhibiting MDR
drug pumps [39]. While UV photons may not be a key contributor in CAP, the synergistic
effect between CAP, radiation therapy and chemotherapeutics remain in be elucidated. The
primary limitation in this regard is the standard delay in the surgical application of CAP with
subsequent 2–3 weeks for wound healing followed by radiation and chemotherapy. While a
clinically applicable CAP device is currently in development, the primary question remains of
which patient with glioblastoma will CAP be efficacious. Depth of penetration experiments will
be essential to assess the role of CAP in treating the resection cavity following glioblastoma
resection. In addition, treatment of unresectable tumors secondary to their relationship to elo-
quent cortex is of primary interest.

Ultimately, the efficacy of CAP will depend on the ability to optimize the chemical and
physical properties of plasmas to maximize therapeutic efficacy with minimal side-effects. This
study identifies the optimal treatment duration between 90–120 seconds with our CAP set-
tings, which largely are seen to be effective in decreasing the viability in glioma cells but not in
NHA or HUVEC cell lines.

Conclusion
Treatment of malignant cells with CAP in vitro displays promising results in selectively
decreasing cell viability in glioma cell lines but not less malignant cell lines (i.e. NHA and
HUVEC). The mechanism of tumor inhibition is cell cycle mediated, and depending on the
duration of treatment will also induce cytotoxicity resulting in necrosis or apoptosis. These pre-
liminary studies characterize the differential effects of CAP in normal human astrocytes,
human endothelial cells, and three distinct glioma cell lines, with minor variability in the mech-
anism of decreased viability. This study establishes the conditions that will be utilized in the
next phase. Future experiments will utilize more complex microenvironments to further eluci-
date the effects of CAP on glioma progression.

Author Contributions
Conceived and designed the experiments: AS OV XC SK KB FMMK JS. Performed the experi-
ments: AS OV XC SK. Analyzed the data: AS OV XC SKMK JS. Contributed reagents/materi-
als/analysis tools: KB FMMK JS. Wrote the paper: AS OV XC SK KB FMMK JS.

References
1. Kong M, Kroesen G, Morfill G, Nosenko T (2009) Plasmamedicine: an introductory review. New Jour-

nal of Physics 11: 1–35.

2. Shashurin A (2008) Living tissue under treatment of cold plasma atmospheric jet. Appl Phys Lett 93:
181501.

3. Stoffels E, Roks A, Deelman LE (2008) Delayed effects of cold atmospheric plasma on vascular cells.
Plasma Process Polym 5: 599.

4. Kieft IE (2005) Plasma treatment of mammalian vascular cells: a quantitative description. IEEE Trans
Plasma Sci 33: 771.

5. Yonson S, Coulombe S, Leveille V, Leask RL (2006) Cell treatment and surface functionalization using
a miniature atmospheric pressure glow discharge plasma torch. J Phys D: Appl Phys 39: 3508.

Cold Atmospheric Plasma in Glioma

PLOSONE | DOI:10.1371/journal.pone.0126313 June 17, 2015 11 / 14



6. Kieft IE (2006) Reattachment and apoptosis after plasma-needle treatment of cultures cells. IEEE
Trans Plasma Sci 34: 1331.

7. Kim GC, Lee HJ, Shon CH (2009) The effect of a micro plasma on melanoma (G361) cancer cells. J
Korean Phys Soc 54: 628.

8. Zhang X, Li M, Zhou R, Feng K, Yang S (2008) Ablation of liver cancer cells in vitro by a plasma needle.
Appl Phys Lett 93: 021502.

9. Kim D, Gweon B, Kim DB, ChoeW, Shin JH (2008) A feasibility study for the cancer therapy using cold
plasma. 13th Int Conf on Biomedical Engineering: 355.

10. Fridman G, Shereshevsky A, Jost MM, Brooks AD, Fridman A, et al. (2007) Floating electrode dielectric
barrier discharge plasma in air promoting apoptotic behavior in melanoma skin cancer cell lines.
Plasma Chem Plasma Process 27: 163.

11. Keidar M, Walk R, Shashurin A, Srinivasan P, Sandler A, et al. (2011) Cold plasma selectivity and the
possibility of a paradigm shift in cancer therapy. Br J Cancer 105: 1295–1301. doi: 10.1038/bjc.2011.
386 PMID: 21979421

12. Volotskova O, Hawley TS, Stepp MA, Keidar M (2012) Targeting the cancer cell cycle by cold atmo-
spheric plasma. Sci Rep 2: 636. doi: 10.1038/srep00636 PMID: 22957140

13. Stupp R, MasonWP, van den Bent MJ, Weller M, Fisher B, et al. (2005) Radiotherapy plus concomitant
and adjuvant temozolomide for glioblastoma. N Engl J Med 352: 987–996. PMID: 15758009

14. Stupp R, Hegi ME, MasonWP, van den Bent MJ, Taphoorn MJ, et al. (2009) Effects of radiotherapy
with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma in
a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol 10: 459–466.
doi: 10.1016/S1470-2045(09)70025-7 PMID: 19269895

15. Ng K, Kim R, Kesari S, Carter B, Chen CC (2012) Genomic profiling of glioblastoma: convergence of
fundamental biologic tenets and novel insights. J Neurooncol 107: 1–12. doi: 10.1007/s11060-011-
0714-2 PMID: 22002595

16. Tredan O, Galmarini CM, Patel K, Tannock IF (2007) Drug resistance and the solid tumor microenviron-
ment. J Natl Cancer Inst 99: 1441–1454. PMID: 17895480

17. CohenMH, Shen YL, Keegan P, Pazdur R (2009) FDA drug approval summary: bevacizumab (Avastin)
as treatment of recurrent glioblastoma multiforme. Oncologist 14: 1131–1138. doi: 10.1634/
theoncologist.2009-0121 PMID: 19897538

18. Friedman HS, Prados MD, Wen PY, Mikkelsen T, Schiff D, et al. (2009) Bevacizumab alone and in
combination with irinotecan in recurrent glioblastoma. J Clin Oncol 27: 4733–4740. doi: 10.1200/JCO.
2008.19.8721 PMID: 19720927

19. Vredenburgh JJ, Desjardins A, Herndon JE 2nd, Marcello J, Reardon DA, et al. (2007) Bevacizumab
plus irinotecan in recurrent glioblastoma multiforme. J Clin Oncol 25: 4722–4729. PMID: 17947719

20. Moore HM, Bai B, Boisvert FM, Latonen L, Rantanen V, et al. (2011) Quantitative proteomics and
dynamic imaging of the nucleolus reveal distinct responses to UV and ionizing radiation. Mol Cell Prote-
omics 10: M111 009241.

21. Kammerer R, Buchner A, Palluch P, Pongratz T, Oboukhovskij K, et al. (2011) Induction of immune
mediators in glioma and prostate cancer cells by non-lethal photodynamic therapy. PLoS One 6:
e21834. doi: 10.1371/journal.pone.0021834 PMID: 21738796

22. Blaydes JP, Craig AL, Wallace M, Ball HM, Traynor NJ, et al. (2000) Synergistic activation of p53-
dependent transcription by two cooperating damage recognition pathways. Oncogene 19: 3829–3839.
PMID: 10951576

23. Gentner NE, Werner MM (1978) Synergistic interaction between UV and ionizing radiation in wild-type
Schizosaccharomyces pombe. Mol Gen Genet 164: 31–37. PMID: 703759

24. Shashurin A, Shneider MN, Dogariu A, Miles RB, M. K (2009) Temporal behavior of cold atmospheric
plasma jet. Applied Physics Letters 94: 1–3.

25. Volotskova O, Shashurin A, Stepp MA, Pal-Ghosh S, Keidar M (2011) Plasma controlled cell migration:
localization of cold plasma-cell interaction region. PlasmaMedicine 1: 85–92.

26. Daeschlein G, Scholz S, Ahmed R, Majumdar A, vonWoedtke T, et al. (2012) Cold plasma is well-toler-
ated and does not disturb skin barrier or reduce skin moisture. J Dtsch Dermatol Ges 10: 509–515. doi:
10.1111/j.1610-0387.2012.07857.x PMID: 22405534

27. Daeschlein G, Scholz S, Ahmed R, vonWoedtke T, Haase H, et al. (2012) Skin decontamination by
low-temperature atmospheric pressure plasma jet and dielectric barrier discharge plasma. J Hosp
Infect 81: 177–183. doi: 10.1016/j.jhin.2012.02.012 PMID: 22682918

Cold Atmospheric Plasma in Glioma

PLOSONE | DOI:10.1371/journal.pone.0126313 June 17, 2015 12 / 14

http://dx.doi.org/10.1038/bjc.2011.386
http://dx.doi.org/10.1038/bjc.2011.386
http://www.ncbi.nlm.nih.gov/pubmed/21979421
http://dx.doi.org/10.1038/srep00636
http://www.ncbi.nlm.nih.gov/pubmed/22957140
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://dx.doi.org/10.1016/S1470-2045(09)70025-7
http://www.ncbi.nlm.nih.gov/pubmed/19269895
http://dx.doi.org/10.1007/s11060-011-0714-2
http://dx.doi.org/10.1007/s11060-011-0714-2
http://www.ncbi.nlm.nih.gov/pubmed/22002595
http://www.ncbi.nlm.nih.gov/pubmed/17895480
http://dx.doi.org/10.1634/theoncologist.2009-0121
http://dx.doi.org/10.1634/theoncologist.2009-0121
http://www.ncbi.nlm.nih.gov/pubmed/19897538
http://dx.doi.org/10.1200/JCO.2008.19.8721
http://dx.doi.org/10.1200/JCO.2008.19.8721
http://www.ncbi.nlm.nih.gov/pubmed/19720927
http://www.ncbi.nlm.nih.gov/pubmed/17947719
http://dx.doi.org/10.1371/journal.pone.0021834
http://www.ncbi.nlm.nih.gov/pubmed/21738796
http://www.ncbi.nlm.nih.gov/pubmed/10951576
http://www.ncbi.nlm.nih.gov/pubmed/703759
http://dx.doi.org/10.1111/j.1610-0387.2012.07857.x
http://www.ncbi.nlm.nih.gov/pubmed/22405534
http://dx.doi.org/10.1016/j.jhin.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22682918


28. Klampfl TG, Isbary G, Shimizu T, Li YF, Zimmermann JL, et al. (2012) Cold atmospheric air plasma
sterilization against spores and other microorganisms of clinical interest. Appl Environ Microbiol 78:
5077–5082. doi: 10.1128/AEM.00583-12 PMID: 22582068

29. Kalghatgi S, Kelly CM, Cerchar E, Torabi B, Alekseev O, et al. (2011) Effects of non-thermal plasma on
mammalian cells. PLoS One 6: e16270. doi: 10.1371/journal.pone.0016270 PMID: 21283714

30. Little JB (1968) Cellular effects of ionizing radiation. N Engl J Med 278: 369–376 concl. PMID: 4865594

31. Witkin EM (1969) Ultraviolet-induced mutation and DNA repair. Annu Rev Microbiol 23: 487–514.
PMID: 4899079

32. Rahn RO (1973) Denaturation in ultraviolet-irradiated DNA. Photophysiology 8: 231–255. PMID:
4590743

33. Kim GJ, KimW, Kim KT, Lee JK (2010) DNA damage and mitochondria dysfunction in cell apoptosis
induced by nonthermal air plasma. Applied Physics Letters 96: 1–3. PMID: 20126438

34. VandammeM, Robert E, Lerondel S, Sarron V, Ries D, et al. (2012) ROS implication in a new antitumor
strategy based on non-thermal plasma. Int J Cancer 130: 2185–2194. doi: 10.1002/ijc.26252 PMID:
21702038

35. Fridman G, Shereshevsky A, Jost M, Brooks A, Fridman A, et al. (2007) Floating Electrode Dielectric
Barrier Discharge Plasma in Air Promoting Apoptotic Behavior in Melanoma Skin Cancer Cell Lines.
Plasma Chemistry and Plasma Processing 27: 163–176.

36. Fridman A, Chirokov A, Gutsol A (2005) Non-thermal atmospheric pressure discharges. Journal of
Physics D: Applied Physics 38: R1–R24.

37. Ahn HJ, Kim KI, Kim G, Moon E, Yang SS, et al. (2011) Atmospheric-pressure plasma jet induces apo-
ptosis involving mitochondria via generation of free radicals. PLoS One 6: e28154. doi: 10.1371/
journal.pone.0028154 PMID: 22140530

38. Kirson ED, Dbaly V, Tovarys F, Vymazal J, Soustiel JF, et al. (2007) Alternating electric fields arrest cell
proliferation in animal tumor models and human brain tumors. Proc Natl Acad Sci U S A 104: 10152–
10157. PMID: 17551011

39. Janigro D, Perju C, Fazio V, Hallene K, Dini G, et al. (2006) Alternating current electrical stimulation
enhanced chemotherapy: a novel strategy to bypass multidrug resistance in tumor cells. BMC Cancer
6: 72. PMID: 16545134

40. Shashurin A, Shneider MN, Dogariu A, Miles RB, Keidar M (2010) Temporary resolved measurement
of electron density in small atmospheric plasmas. Applied Physics Letters 96: 1–3. PMID: 20126438

41. Kim CH, Bahn JH, Lee SH, Kim GY, Jun SI, et al. (2010) Induction of cell growth arrest by atmospheric
non-thermal plasma in colorectal cancer cells. J Biotechnol 150: 530–538. doi: 10.1016/j.jbiotec.2010.
10.003 PMID: 20959125

42. Lupu AR, Georgescu N, Calugaru A, Cremer L, Szegli G, et al. (2009) The effects of cold atmospheric
plasma jets on B16 and COLO320 tumoral cells. Roum Arch Microbiol Immunol 68: 136–144. PMID:
20361533

43. Kim JY, Ballato J, Foy P, Hawkins T, Wei Y, et al. (2011) Apoptosis of lung carcinoma cells induced by
a flexible optical fiber-based cold microplasma. Biosens Bioelectron 28: 333–338. doi: 10.1016/j.bios.
2011.07.039 PMID: 21820891

44. Iseki S, Nakamura K, Hayashi M, Tanaka H, Kondo H, et al. (2012) Selective killing of ovarian cancer
cells through induction of apoptosis by nonequilibrium atmospheric pressure plasma. Applied Physics
Letters 100: 1–4.

45. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, et al. (2010) Integrated genomic analysis identifies
clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR,
and NF1. Cancer Cell 17: 98–110. doi: 10.1016/j.ccr.2009.12.020 PMID: 20129251

46. Badie B, Goh CS, Klaver J, Herweijer H, Boothman DA (1999) Combined radiation and p53 gene ther-
apy of malignant glioma cells. Cancer Gene Ther 6: 155–162. PMID: 10195882

47. Gaspar LE, Fisher BJ, Macdonald DR, LeBer DV, Halperin EC, et al. (1992) Supratentorial malignant
glioma: patterns of recurrence and implications for external beam local treatment. Int J Radiat Oncol
Biol Phys 24: 55–57. PMID: 1512163

48. Sinek J, Frieboes H, Zheng X, Cristini V (2004) Two-dimensional chemotherapy simulations demon-
strate fundamental transport and tumor response limitations involving nanoparticles. Biomed Microde-
vices 6: 297–309. PMID: 15548877

49. Jain RK, Stylianopoulos T (2010) Delivering nanomedicine to solid tumors. Nat Rev Clin Oncol 7: 653–
664. doi: 10.1038/nrclinonc.2010.139 PMID: 20838415

Cold Atmospheric Plasma in Glioma

PLOSONE | DOI:10.1371/journal.pone.0126313 June 17, 2015 13 / 14

http://dx.doi.org/10.1128/AEM.00583-12
http://www.ncbi.nlm.nih.gov/pubmed/22582068
http://dx.doi.org/10.1371/journal.pone.0016270
http://www.ncbi.nlm.nih.gov/pubmed/21283714
http://www.ncbi.nlm.nih.gov/pubmed/4865594
http://www.ncbi.nlm.nih.gov/pubmed/4899079
http://www.ncbi.nlm.nih.gov/pubmed/4590743
http://www.ncbi.nlm.nih.gov/pubmed/20126438
http://dx.doi.org/10.1002/ijc.26252
http://www.ncbi.nlm.nih.gov/pubmed/21702038
http://dx.doi.org/10.1371/journal.pone.0028154
http://dx.doi.org/10.1371/journal.pone.0028154
http://www.ncbi.nlm.nih.gov/pubmed/22140530
http://www.ncbi.nlm.nih.gov/pubmed/17551011
http://www.ncbi.nlm.nih.gov/pubmed/16545134
http://www.ncbi.nlm.nih.gov/pubmed/20126438
http://dx.doi.org/10.1016/j.jbiotec.2010.10.003
http://dx.doi.org/10.1016/j.jbiotec.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20959125
http://www.ncbi.nlm.nih.gov/pubmed/20361533
http://dx.doi.org/10.1016/j.bios.2011.07.039
http://dx.doi.org/10.1016/j.bios.2011.07.039
http://www.ncbi.nlm.nih.gov/pubmed/21820891
http://dx.doi.org/10.1016/j.ccr.2009.12.020
http://www.ncbi.nlm.nih.gov/pubmed/20129251
http://www.ncbi.nlm.nih.gov/pubmed/10195882
http://www.ncbi.nlm.nih.gov/pubmed/1512163
http://www.ncbi.nlm.nih.gov/pubmed/15548877
http://dx.doi.org/10.1038/nrclinonc.2010.139
http://www.ncbi.nlm.nih.gov/pubmed/20838415


50. Chen J, Li Y, Yu TS, McKay RM, Burns DK, et al. (2012) A restricted cell population propagates glio-
blastoma growth after chemotherapy. Nature 488: 522–526. doi: 10.1038/nature11287 PMID:
22854781

51. Yu Y, Ramena G, Elble RC (2012) The role of cancer stem cells in relapse of solid tumors. Front Biosci
(Elite Ed) 4: 1528–1541. PMID: 22201973

52. Johannessen TC, Bjerkvig R (2012) Molecular mechanisms of temozolomide resistance in glioblas-
toma multiforme. Expert Rev Anticancer Ther 12: 635–642. doi: 10.1586/era.12.37 PMID: 22594898

53. Lathia JD, Heddleston JM, Venere M, Rich JN (2011) Deadly teamwork: neural cancer stem cells and
the tumor microenvironment. Cell Stem Cell 8: 482–485. doi: 10.1016/j.stem.2011.04.013 PMID:
21549324

54. Bleau AM, Huse JT, Holland EC (2009) The ABCG2 resistance network of glioblastoma. Cell Cycle 8:
2936–2944. PMID: 19713741

55. Ratovitski EA, Cheng X, Yan D, Sherman JH, Canady J, et al. (2014) Anti-cancer therapies of 21-st
century. Novel approach to treat human cancers using cold atmospheric plasma, Plasma Processes
and Polymers, v. 11, 12, pp. 1128–1137.

Cold Atmospheric Plasma in Glioma

PLOSONE | DOI:10.1371/journal.pone.0126313 June 17, 2015 14 / 14

http://dx.doi.org/10.1038/nature11287
http://www.ncbi.nlm.nih.gov/pubmed/22854781
http://www.ncbi.nlm.nih.gov/pubmed/22201973
http://dx.doi.org/10.1586/era.12.37
http://www.ncbi.nlm.nih.gov/pubmed/22594898
http://dx.doi.org/10.1016/j.stem.2011.04.013
http://www.ncbi.nlm.nih.gov/pubmed/21549324
http://www.ncbi.nlm.nih.gov/pubmed/19713741

	Himmelfarb Health Sciences Library, The George Washington University
	Health Sciences Research Commons
	6-2015

	Differential Effects of Cold Atmospheric Plasma in the Treatment of Malignant Glioma
	Alan Siu
	Olga Volotskova
	Xiaoqian Cheng
	Siri S. Khalsa
	Ka Bian
	See next page for additional authors
	Recommended Citation
	Authors


	Differential Effects of Cold Atmospheric Plasma in the Treatment of Malignant Glioma

