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Thermal plasmas and lasers have been widely used in medicine to cut, ablate and cauterize tissues through heating; in
contrast, non-thermal plasma produces no heat, so its effects can be selective. In order to exploit the potential for clinical
applications, including wound healing, sterilization, blood coagulation, and cancer treatment, a mechanistic understanding
of the interaction of non-thermal plasma with living tissues is required. Using mammalian cells in culture, it is shown here
that non-thermal plasma created by dielectric barrier discharge (DBD) has dose-dependent effects that range from
increasing cell proliferation to inducing apoptosis. It is also shown that these effects are primarily due to formation of
intracellular reactive oxygen species (ROS). We have utilized y-H2AX to detect DNA damage induced by non-thermal plasma
and found that it is initiated by production of active neutral species that most likely induce formation of organic peroxides
in cell medium. Phosphorylation of H2AX following non-thermal plasma treatment is ATR dependent and ATM
independent, suggesting that plasma treatment may lead to replication arrest or formation of single-stranded DNA breaks;
however, plasma does not lead to formation of bulky adducts/thymine dimers.
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Introduction

The term plasma in physics refers to a partially ionized medium,
usually gas. Importantly, plasma not only produces electrons and
various ions, but also neutral (uncharged) atoms and molecules,
such as free radicals and electronically excited atoms having high
chemical reactivity and the capability to emit UV. The
temperature and components of the gas, as well as the strength
and pulse duration of the electric field determine the exact
composition of plasma. In man-made systems, plasma is usually
generated by electrical discharges and can be generally classified
according to its gas temperature. In thermal plasma, gas
temperature can reach several thousand degrees Kelvin. Devices,
such as argon plasma coagulators, which are used clinically to
cauterize living tissues, typically generate plasmas at temperatures
far exceeding room temperature. The effects of such thermal
plasmas on tissues are non-selective and difficult to control because
they occur primarily through transfer of intense heat [1]. In
contrast, in non-thermal plasmas, gas can be maintained close to
room temperature. Although electrical discharges that generate
non-thermal plasma have been known for a long time, their
clinical potential has been largely ignored and until recently,
applications have been confined to sterilization of inert surfaces
[2,3,4,5,6,7,8,9,10,11] or modulation of cell attachment [12,13]
through surface modification. It has recently been demonstrated
that non-thermal atmospheric pressure plasma can be applied
directly to living cells and tissues [11], killing bacteria and inducing
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blood coagulation without significant heating [11,14]. Non-
thermal plasma treatment has also been shown to promote cell
proliferation [15], enhance cell transfection [16,17], sterilize root
canals [18,19,20] and possibly increase wound healing [21]. The
simplicity and flexibility of devices required to generate non-
thermal plasma and apply it to tissues is particularly appealing.
However, an understanding of mechanisms by which non-thermal
plasma interacts with living cells and tissues is required to fully
develop its clinical applications.

Several different methods of non-thermal plasma generation at
atmospheric pressure are known [22]. The type of non-thermal
plasma employed in this study is called Dielectric Barrier
Discharge (DBD) [23], which occurs at atmospheric pressure in
air when high voltage of time-varying waveform is applied
between two electrodes, with at least one electrode being insulated
[24], that prevents current build-up, creating electrically safe
plasma without substantial gas heating (Figure 1.). This approach
allows direct treatment living tissues without thermal damage [1].
Plasma is an ionized gas composed of charged particles (electrons,
ions), electronically excited atoms and molecules, radicals, and UV
photons. Plasma treatment exposes cells or tissue surface to active
short and long lived neutral atoms and molecules, including ozone
(O3), NO, OH radicals, and singlet oxygen (O, lAg), and a
significant flux of charged particles, including both electrons and
positive and negative ions like super oxide radicals [22,25,26].
Non-thermal plasma density, temperature, and composition can
be changed to control plasma products.
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Figure 1. Dose-dependent effects of non-thermal atmospheric pressure dielectric barrier discharge (DBD) plasma on MCF10A cells.
(A) Photograph of DBD plasma treatment of cells. (B) 10* MCF10A cells plated on glass cover slips were treated with the indicated dose of DBD
plasma as described. Cells were counted 24 and 72 hours after treatment. Data are plotted relative to the # of cells in the untreated plate at 24 hours
relative to the # at 72 hours, which was set at 1.0. (C) Cells were treated with the indicated dose of DBD plasma; and colony survival assays were
performed as described. Data are expressed relative to the # of colonies in the untreated control. (D) Three days after treatment with the indicated
dose of DBD plasma, cells were harvested and stained with Annexin V/propidium iodide (PI) and analyzed by Guava.

doi:10.1371/journal.pone.0016270.g001

Prior studies have focused mainly on bactericidal effects of
plasma [27], which require the presence of oxygen [10,28],
consistent with the suggestions in the literature that oxidative stress
(among other factors) may be mediating the interaction between
non-thermal plasma and living organisms [4,5,13]; however, to
date there are no data to indicate that plasma treatment induces
oxidative stress in cells. Since plasma does not produce sufficiently
energetic particles or photons to penetrate cells, it had been
assumed that cellular genetic material would not be affected;
however, formation of intracellular ROS is the major mechanism
by which ionizing radiation produces DNA damage [29]. DNA
damage resulting from ROS includes small or bulky modifications
to bases, interstrand and intrastrand cross-links, as well as single-
strand and double-strand breaks (DSB) [30]. DNA damage
induces a cascade of signals through activation of cellular kinases,
including the phosphatidylinositol 3-kinase-related kinases
(PIKK), specifically ataxia-telangiectasia mutated (ATM), DNA
dependent protein kinase (DNA-PK), and ATM and Rad3-related
(ATR), which phosphorylate the histone variant H2AX in the
vicinity of damage [31]. We demonstrate that non-thermal plasma
induces a variety of effects on mammalian cells, ranging from
increased cell proliferation to apoptosis, and it leads to DNA
damage through formation of intracellular ROS. The DNA
damage signaling cascade activated by non-thermal plasma
treatment is different from that associated with ionizing radiation

(IR), ultraviolet (UV) or HyOy [29].
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Materials and Methods

Cell Culture

Mammalian breast epithelial cells (MCF10A) were maintained
in high glucose Dulbecco’s Modified Eagle’s Medium/Ham’s F12
50:50 mixture (Cellgro, Mediatech, VA, USA) supplemented with
5% horse serum, Epidermal Growth Factor (100 pg/ml),
Hydrocortisone (1 mg/ml), Cholera Toxin (1 mg/ml), Insulin
(10 mg/ml) and Penicillin/Streptomycin (500 pl, 10000 U/ml
penicillin and 10 mg/ml streptomycin), which were all purchased
from Sigma, St Louis, MO. For plasma treatment, cells were
washed with phosphate buffered saline (PBS), detached with
0.25% Trypsin (GIBCO, Invitrogen, CA, USA), and seeded near
confluence (4x10° cells/well) on 22x22 mm square glass cover
slips (VWR, PA, USA) in 6-well plates (Greiner Bio One, NC,
USA). Cells were cultured in complete medium in a 37°C, 5%
COy incubator for 24 hours prior to plasma treatment.

Amino acids serine, methionine, cysteine, arginine, leucine,
lysine, isoleucine, wvaline, proline, glutamate and glutamine
(100 uM, Sigma, St Louis, MO) were used to treat cells directly
and separately. N-Acetyl L-cysteine (NAC, 4 mM, Sigma, St Louis,
MO), was used as an intracellular reactive oxygen species scavenger.

Plasma Treatment

DBD plasma was produced using an experimental setup shown in
Figure 1A and schematically illustrated in Figure S1 [11]. Plasma
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Table 1. Typical relative concentrations of various charged
and neutral species generated by non-thermal DBD plasma in
gas phase [25,33,41].

Plasma Generated Species Density (cm3)

Superoxide (057) 10'°-10"?
Hydroxyl (OH-) 10'°-10"7
Hydrogen Peroxide (H,0,) 10'#-10'°
Singlet Oxygen ('0,) 10'*-10'°
Ozone (05) 10"°-10"7
Nitric Oxide (NO) 10'3-10"
Electrons (e ") 10°-10"

Positive lons (M") 10'°-10"?

doi:10.1371/journal.pone.0016270.t001

was generated by applying alternating polarity pulsed (500 Hz —
1.5 kHz) voltage of 20 kV magnitude (peak to peak), 1.65 us pulse
width and a rise time of 5 V/ns between the high voltage electrodes
using a variable voltage and variable frequency power supply
(Quinta, Russia). One mm thick quartz glass was used as an
insulating dielectric barrier covering the 1-inch diameter copper
electrode. The discharge gap between the bottom of the quartz and
the treated sample surface was fixed at 2 rnrn. Discharge power
density wae measured to be 0.13 Watts/cm? (at 500 Hz) and 0.31
Watts/cm? (at 1.5 kHz) [32]. Plasma treatment dose in J/cm? was
calculated by multiplying the plasma discharge power density by the
plasma treatment duration. For example, plasma treatment at a
power density of 0.13 W/cm? for 15 s would correspond to a dose
of 1.95 J/em?. Non-thermal DBD plasma produces various ROS in
gas phase whose typical concentrations are provided in Table 1
[22,25,33]. The dependence of ROS concentration on plasma
power density is complex [24,34]. DBD plasma has a g-factor
(number of ROS generated per electron volt or eV) between 0.3 and
0.5 [35]. For a plasma dose of 3.9 Joules/cm?, about 5x10'® ROS
are generated. Characterization of DBD plasma employed here has
been presented elsewhere [11,32]. Importantly, ozone (Os)
concentration of about 100 ppm obtained at typical operating
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conditions employed here was much higher than 1-ppm level
concentration of nitric oxide (NO), which is entirely consistent with
other published reports [4,5,34]. Concentration of ozone produced
by DBD plasma in the gas phase was measured using an optical
ozone meter MedOzon-245/5 (MedOzone, Russia) and the
concentration of NO was measured using a NO/NOx chemilumi-
nescent analyzer Model 600 CLD (California Analytical Instru-
ments, USA).

MCF10A cells on glass cover slips were exposed to plasma at
various doses (0.13-7.8 J/cm?). Briefly, each cover shp was removed
from the 6-well plate, drained, and placed on a microscope slide.
100 pl of complete medium or defined medium was added to the
glass cover slip before plasma treatment to prevent sample drying.
After treatment, cells were held in the treated medium for one
minute (unless indicated otherwise) and then the cover slip was
placed in a new 6-well plate containing 2 ml of complete medium,
and the samples were returned to the incubator for one hour before
analysis by immunofluorescence or western blot.

In some experiments, medium (complete or defined) or PBS was
treated separately from the cells, designated ‘separated treatment’.
In these cases, 100 pl of medium was placed on a cover slip and
treated with plasma as described for the cells. The treated medium
was then transferred to a cover slip on which cells had been plated
as described above.

During plasma treatment with or without cells present, the
surface of the medium is exposed to plasma and charged species
(electrons and ions) and uncharged gas species [including some
with relatively short half-life (OH, O, for example)] reach the
surface. A grounded mesh was placed between the high voltage
copper electrode and the surface of the medium to block electrons
and ions and allow only uncharged gas species to reach the
medium surface. Similarly, a magnesium fluoride (Mgly) glass
which is practically transparent to UV, but not to any gas species,
charged or uncharged, was placed over the top of the medium
surface to test for possible effects of UV.

Cell Growth Assay

MCF10A cell proliferation was measured through cell counts on
directly treated cells. MCF10A cells (1x10% were sceded on
22x22 mm cover slips in 6-well plates one day before plasma

195 225 465

y-H2AX

Figure 2. Induction of DNA damage by DBD plasma. (A) MCF10A cells were treated with the indicated dose of plasma. After one-hour
incubation, lysates were prepared and resolved by SDS-PAGE and representative immunoblots with antibody to y-H2AX (top) or a-tubulin (bottom)
are shown. (B) Indirect immunofluorescence was performed utilizing an antibody to y-H2AX one hour after treatment of MCF10A cells with 1.55

J/cm? DBD plasma.
doi:10.1371/journal.pone.0016270.g002
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Figure 3. Effects of DBD plasma are mediated by neutral
species and not UV generated by plasma in gas phase. (A) Cells
were subjected to plasma as described earlier (direct, D) or a grounded
mesh that filters charged particles was placed between the electrode
and the medium (indirect, I). Representative immunoblots with y-H2AX
(upper panel) or a-tubulin (lower panel) are shown. The graphs below
the immunoblots show quantification from three independent exper-
iments using the Odyssey Infrared Imaging System (LI-COR Biosciences,
Lincoln, NE, USA). The y-H2AX signal was normalized to the amount of
a-tubulin and data are expressed relative to lowest dose that was set at
1.0. (B) UV produced in DBD plasma does not induce the observed DNA
damage. Cells overlaid with 100 pl of medium were treated with plasma
at 1.55 J/cm? and 4.65 J/cm? with (+) and without (—) placing
magnesium fluoride (MgF,) glass over the cells during treatment.
MgF, glass blocks all plasma species except UV from reaching the
surface of the medium covering the cells during treatment. Represen-
tative immunoblot with y-H2AX (upper panel) or a-tubulin (lower
panel) is shown.

doi:10.1371/journal.pone.0016270.g003

treatment. Cells were plasma-treated as described and incubated
for an additional 3 days with a medium change on day 2. Cell
number was quantified on days 1 and 3 by counting trypsin-
detached cells using a Cell Viability Assay (Guava EasyCyte Plus,
Millipore, MA, USA). Fold growth was determined by taking the
ratio of the number of attached cells on day three to day one.

Colony Survival Assay

MCF10A cells (4x10°) were seeded on 22x22 mm cover slips
in 6-well plates one day before plasma treatment. One day after
treatment with plasma or HyOy (positive control), 300 cells were
seeded onto 60-mm dishes. Eleven days after plating, cells were
fixed and stained with a crystal violet solution (0.5% in 20%
ethanol), and colonies were counted.

Apoptosis

Apoptosis was measured via Annexin V/propidium iodide
labeling. Annexin V binds phosphatidylserine translocated from
the inner to the outer cell membrane. Cells in early apoptosis are

@ PLoS ONE | www.plosone.org
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identified as Annexin V-positive and negative for the vital dye
propidium iodide. Floating and trypsin-released cells were
collected and centrifuged, washed thoroughly, resuspended in
Annexin binding buffer, and labeled with Annexin V-fluorescein
and propidium iodide as per manufacturer instructions (BD
Pharmingen, San Jose, CA). Samples were analyzed immediately
by flow cytometry (Guava EasyCyte Plus, Millipore, MA, USA).

Immunofluorescence

MCF10A cells were plated 24 h before treatment. One hour after
plasma treatment, cells were subjected to w situ cell fractionation as
described [36], by incubation in pre-extraction buffer (1X PBS
+0.2% Triton-X +1:50 PMSF) for 5 min at 4C, followed by one
wash with PBS and incubation in fixation solution (3% parafor-
maldehyde +2% Sucrose in PBS) for 10 min at room temperature.
Cells were then washed in PBS and incubated in permeabilization
buffer (I1X PBS +0.5% Triton-X) for 5 min a 4°C. Cells were
washed twice with NaNs+ PBST at room temperature and
incubated overnight at 4C in primary antibody (mouse monoclonal
v-H2AX antibody, serine 139, Upstate Biotechnology, 1:1000).
After three washes in NaN3+ PBS, cells were incubated for 1 h in
the dark in secondary antibody (AlexaFlour594 donkey anti-mouse
antibody, diluted 1:1,000) followed by incubation of slides in 1 ul
DAPI + PBST + NaNj three washes in NaNs; + PBST and
mounting using DAPI-free mounting medium (Vector Labs) on
glass microscope slides overnight. The slides were then frozen at
—20°C for one day prior to imaging them on an upright
fluorescence enabled microscope.

Western Blot

Protein expression and modification were analyzed by immu-
noblot. Total cell lysates were prepared by direct lysis of washed
cells in 2X SDS sample buffer containing 5% B-mercaptoethanol.
Samples were electrophoresed at 150 V in Tris-glycine SDS
running buffer (25 mmol/L Tris, 192 mmol/L glycine, 0.1% SDS
(pH 8.3)). Following electrophoresis, proteins were transferred to
PVDF membrane ((Millipore, MA, USA) for two hours in Tris-
glycine transfer buffer (10% SDS, Deionized Water, Tris-Glycine
and Methanol (VWR, PA USA)). Immunoblotting was done by
blocking membranes in 1% nonfat dried milk (Carnation) in PBS
with 0.1% Tween 20 (PBST) for a-tubulin or 5% bovine serum
albumin (BSA, Fraction V, Fisher Scientific) in PBST for y-H2AX,
followed by incubation with primary antibodies overnight for 10 to
12 h at 4°C with rocking. Primary antibodies used for immunoblot
included mouse monoclonal antibodies specific for y-H2AX
[phospho-histone H2AX' (serine 139), clone JBW301; Upstate]
and o-tubulin (Santa Cruz Biotechnology). The primary antibod-
ies were detected with fluorescently tagged goat anti-mouse Alexa
and Fluor 488 (Santa Cruz Biotechnology). Immunoblot was
developed using Odyssey Infrared Gel Imaging system (LI-COR
Biosciences, NE, USA).

Detection of Intracellular Reactive Oxygen Species

The intracellular generation of reactive oxygen species after
plasma treatment was detected using the fluorescent probe 5-(and-
6)-chlroromethyl-2’, 7'-dichlorodihydrofluorescein diacetate, ace-
tyl ester (CM-HyoDCFDA, Molecular Probes). Untreated cells, cells
treated with 100 pM Hy,O, and plasma treated cells were analyzed
for changes in fluorescence. MCF10A cells (4x10%) were plated
one day before plasma treatment. On the day of the experiment,
the cells were washed 2X with PBS, and then preincubated with
10 uM CM-H,DCFDA at 37°C for 30 min in the dark. After
30 min, the excess dye was washed off with PBS and cells were
incubated in complete medium at 37°C in the dark for 30 min,

January 2011 | Volume 6 | Issue 1 | e16270



Untreated

1.55 J/cm?

0.00

0.26

0.62

B Dose (J/cm?)

0.65

Effects of Non-Thermal Plasma on Mammalian Cells

HOECHST DCF (ROS)

1.95

NAC(4mM)

y=H2AX["

a-tubulin

Figure 4. ROS mediate induction of DNA damage by DBD plasma. (A) CM-H,DCFDA was preloaded into MCF10A cells for 30 min and then
the cells were allowed to recover for another 30 min at 37°C. After recovery, MCF10A cells were treated with the indicated dose of DBD plasma. One
hour after plasma treatment, intracellular ROS were detected using a fluorescence enabled inverted microscope. (B) MCF10A cells were incubated for
2 hours with 4 mM N-acetyl cysteine (NAC) (+), followed by treatment with the indicated dose of DBD plasma. y-H2AX (top) or a-tubulin (bottom)
was detected by immunoblot of cell lysates prepared one hour after plasma treatment.

doi:10.1371/journal.pone.0016270.g004

during which time, the acetate groups on CM-HoDCFDA are
removed by intracellular esterases, trapping the probe inside the
cells. Production of ROS was measured by detecting changes in
the fluorescence of dichlorofluorescein 5, 30, and 60 min after
plasma treatment.

Lentivirus Production and Cell Transduction

Lentivirus was prepared from MISSION shRNA (Sigma
Aldrich, St Louis, MO, USA) following the manufacturer’s
instructions for  targeting ATM (NM_000051.2-9380;
NM_000051.2-2990) and ATR (NM_001184.2-231); pLKO-
Non-targeting (shC002) and pLKO-GFP (shC104) were used as
controls. The shRNA plasmids were then transfected into 293T
cells with VSVG, RRE and RSV-Rev packaging vectors to
generate corresponding pseudoviruses. Virus was collected 48 h
post transfection. For stable knockdown, 72 h after transduction,
MCF10A cells were selected in 1 pg/ml puromycin for 48 h.

Formation of Thymine Dimers

The published protocols [37,38] were used to measure
formation of thymine dimers after being modified as follows.
Monolayers were rinsed twice with PBS and then fixed with 3%
paraformaldehyde in washing buffer (WB: 0.1% Triton X-100 in
PBS) for 20 min on ice. Cells were rinsed twice in PBS,
permeabilized with WB for 15 min on ice, and rinsed two more
times with PBS. DNA was denatured with 2 N HCI for 5 min at

@ PLoS ONE | www.plosone.org

37°C, and the acid was neutralized by washing five times with
PBS. Non-specific binding was blocked with 20% BSA in WB for
30 min at 37°C while shaking. Cells were incubated with the
TDM-2 primary antibody (Kindly provided by Dr. Toshio Mori at
the Nara Medical University, Nara, Japan) against cyclobutane
pyrimidine dimers at a 1:150 dilution in 1% BSA in WB for 1 h at
37°C. After five rinses with 1% BSA in WB, cells were incubated
with the Alexa Fluor 594 anti-mouse secondary antibody
(Invitrogen, Carlsbad, CA) at a 1:400 dilution in 1% BSA in WB
for 30 min at 37°C. Nuclei were counterstained with 10 pg/ml
Hoechst 33258 for 15 min at 37°C.. Cells were rinsed five times
with PBS before mounting with Vectashield mounting medium
(Vector Laboratories, Burlingame, CA). All slides were visualized
with Olympus AX70 compound epifluorescence microscope
equipped with Spot RT Slider camera.

Statistical analysis

All experimental data points were from triplicate samples and
are expressed and/or plotted as the mean = S.E.M. Data were
analyzed by Student’s t-test to establish significance between data
points.

Results

In order to test the effects of plasma treatment on mammalian
cells, DBD plasma was applied to human breast epithelial

January 2011 | Volume 6 | Issue 1 | e16270
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2 ml of media at the indicated holding time after treatment. Cell lysates
were collected 1 hour after dilution in 2 ml of media. Immunoblots with
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doi:10.1371/journal.pone.0016270.g005

(MCF10A) cells (Figure 1A and Figure S1). Plasma is delivered
from a probe placed at a fixed distance over the media being
treated; plasma is released as an electrical discharge as a result of
electrical breakdown of the air in the gap between the high voltage
electrode and the substrate being treated. The initial experiment
involved establishing the dose-dependent effects of plasma
treatment on cell proliferation and survival by direct cell count
and colony formation. At low doses, the rate of cell proliferation
increased; the cell number between days 1 and 3 in cells treated at
0.19J/ cm?® was twice that in the untreated control, and at
intermediate doses (0.26-0.65 J/cm?), there was no significant
effect on proliferation as compared to untreated cells (Figure 1B).
At doses between 1.3 and 1.95 J/cm?, cell number decreased.
There was some correlation between growth inhibition and
survival, at a dose of 1.55 or 3.9 J/cm? —survival was inhibited
by about 40% (Figure 1C). Annexin V/PI staining of cells treated
with plasma at doses ranging from 0.65 to 3.9 J/cm? revealed that
apoptosis was induced at higher doses (1.95 J/cm? and higher)
where decreased survival was also observed (Figure 1D).

One possible mechanism underlying these dose-dependent effects
is generation of intracellular ROS, which at low levels is known to
increase cell proliferation and at high levels induces cell death
through DNA damage [30]. To determine whether DBD plasma
treatment of cells could induce DNA damage, we looked at

@ PLoS ONE | www.plosone.org
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Figure 6. Effects of DBD Plasma are mediated by neutral
species generated in the medium. (A) Cells were subjected to
direct treatment with plasma (D) or to medium (100 pl) that was
exposed to plasma and then transferred to the cells (separate, S). (A, B)
Representative immunoblots with y-H2AX (top) or a-tubulin (bottom)
are shown. The graphs below the immunoblots show quantification
using Odyssey. The y-H2AX signal was normalized to the amount of o-
tubulin. Data are expressed relative to lowest dose, which was set at 1.0.
(B) Medium (100 pl separated treatment) was subjected to plasma and
transferred to cells after holding for 1 to 60 min. After 1-minute
incubation with cells, cover slips with treated medium and cells were
transferred to a dish with 2 ml of medium.
doi:10.1371/journal.pone.0016270.9g006

phosphorylation of H2AX, a histone variant that is phosphorylated
in response to DNA damage [39]. Western blot with an antibody
that detects H2AX phosphorylated at Ser139 (y-H2AX) revealed
that plasma treatment of cells induces a dose-dependent increase in
v-H2AX (Figure 2A). Indirect immunofluorescence also revealed
foci of y-H2AX (Figure 2B), which increased in number at higher
doses. These data demonstrate that DBD plasma treatment of cells
induces a dose-dependent increase in DNA damage.
Plasma-induced DNA damage may be initiated by charged
and/or neutral species produced by plasma in gas phase. Non-
thermal atmospheric pressure DBD plasmas produce relatively
long-lived (O3, NO, HO,, HyOy) and short-lived (OH, O,
electronically excited oxygen O) neutral molecules as well as
various charged particles, including ions and electrons [40]. The
typical relative concentrations of the various species generated by
non-thermal plasma at atmospheric pressure are given in Table 1
[25,33,41]. The active species are extremely short-lived at neutral
pH and they tend to recombine in the absence of organic
substrates with which to react. To determine whether the effects of
plasma were due to charged or neutral species, a grounded mesh
was used to exclude charged particles (ions and electrons);
insertion of a grounded mesh between the plasma source and
the media interface (referred to as indirect treatment) did not
significantly affect H2AX phosphorylation (Figure 3A), indicating
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Western blot for y-H2AX and a-tubulin. (D) Peroxidation efficiency of various amino acid components of cell culture medium when treated with IR
[43]. For each amino acid, the amount of DNA damage induced is proportional to the peroxidation efficiency.

doi:10.1371/journal.pone.0016270.9g007

that ions and electrons do not play a significant role and that
neutral species produced in the gas phase are responsible for the
observed effects. DBD plasma is known to produce UV that is too
weak to produce significant effects on living organisms [8,27,42].
Blocking all plasma species, except UV, by inserting magnesium
fluoride glass during treatment completely blocked the phosphor-
ylation of H2AX after plasma treatment (Figure 3B), further
demonstrating that UV does not play a role in plasma-induced
DNA damage in mammalian cells.

We next sought to directly test whether the DNA damage
induced by DBD plasma is due to the generation of intracellular
ROS. We used a common ROS detection dye, CM-H,DCFDA,
to monitor intracellular ROS levels following plasma treatment.
After 60 min incubation, we detected significantly elevated ROS
levels in plasma treated MCF10A cells, as compared to the
untreated control (Figure 4A). To determine whether DNA
damage is induced by the intracellular ROS, we pre-treated cells
with the ROS scavenger N-acetyl cysteine (NAC). NAC blocked
the induction of y-H2AX, even at high doses of DBD plasma
(Figure 4B), suggesting that the accumulation of DNA damage, as
measured by y-H2AX| is mediated by intracellular ROS.

Consistent with the result that intracellular ROS mediated
plasma induced DNA damage, we found that longer incubation in
the original 100 pl of medium, in which cells were treated (before
dilution into 2 ml of medium), resulted in higher levels of y-H2AX
(Figure 5A). Additionally, when the treated medium was subjected
to different dilutions one minute after treatment, the amount of
damage correlated with the dilution, i.e. damage was greater at the
lowest dilution (Figure 5B, 5C). These data suggest that the
generation of intracellular ROS and the induction of DNA
damage are the results of plasma’s interaction with the
extracellular medium, and that the effects of plasma depend on
the concentration of active species in the medium as well as the
length of exposure of cells to these active species.
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To further establish that the effects of DBD plasma are due to
modification of the cell medium by the plasma treatment as
opposed to a direct effect on the cells, medium was treated
separately and added to cells. Medium (100 pl) on a coverslip
(without cells) was treated with DBD plasma and then transferred
to a fresh coverslip with cells, which we have termed ‘separated
treatment’. The effect of medium separately treated with DBD
plasma and added to cells was not significantly different from the
effect of direct treatment of cells overlaid with medium (Figure 6A).
To begin addressing which component of the medium is affected
by the treatment, we assessed the stability of the separately treated
medium. Separately treated medium was held for increasing times
before being added to cells. Induction of DNA damage by the
treated medium was not reduced by holding the medium up to one
hour prior to adding it to cells (Figure 6B), suggesting that the
active species formed in the medium are relatively stable. To
identify the active components, we compared the effect of
separated treatment of complete medium vs. inorganic phosphate
buffered saline (PBS). We observed no DNA damage in cells
exposed to separately treated PBS (Figure 7A), whereas separately
treated medium induced DNA damage as anticipated. This
suggests that stable organic components in the medium, such as
organic peroxides [43] mediate the observed effects.

Cell culture medium is composed of amino acids, glucose,
vitamins, growth factors and inorganic salts, as well as serum.
Gebicki et al. have shown that y-radiation (IR) induces formation
of amino acid and protein hydroperoxides in aqueous solutions
containing BSA or individual amino acids [43]. Equivalent levels
of H2AX phosphorylation were induced in cells subjected to
separately treated serum-containing medium, serum-free medium
or PBS with BSA, but not PBS alone (Figure 7B), suggesting that
amino acid peroxidation may be involved. Peroxidation efficiency
1s widely variable among different amino acids [43]. To determine
whether the observed results were related to the peroxidation
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Figure 8. ATR dependence of non-thermal plasma induced
phosphorylation of H2AX. (A) Immunoblot of y-H2AX (top), and
a-tubulin (bottom) from MCF10As exposed to non-thermal plasma at a
dose of 1.95 J/cm? or 200 UM H,0; in the presence (+) or absence (—) of
100 pmol/L Wortmannin (Wort.) or 10 umol/L KU55933 (KU). (B) MCF10As
were depleted of endogenous ATM by shRNA for 72 hours (bottom,
immunoblot of ATM after ATM or non-targeting (NT) shRNA). Cells were
then plated on glass cover slips and exposed to DBD plasma at a dose of
1.95 J/cm? or 200 uM H,0,. (C) MCF10As depleted of endogenous ATR by
shRNA for 72 hours (bottom, immunoblot of ATR after ATR or non-
targeting (NT) shRNA). (B,C) After knockdown, cells were plated on glass
cover slips for 24 h followed by exposure to non-thermal plasma at a dose
of 1.95 J/cm? or 200 uM H,0,. After one-hour incubation, lysates were
prepared and resolved by SDS-PAGE and representative immunoblots with
antibody to y-H2AX (top) or a-tubulin (bottom) are shown.
doi:10.1371/journal.pone.0016270.9g008

efficiency of organic components in cell culture medium, 11
different amino acids with a range of peroxidation efficiencies were
dissolved individually in PBS and separately treated with plasma
and then added to cells. As shown in Figure 7C, phosphorylation
of H2AX was directly proportional to the peroxidation efficiency
of the amino acids, with valine producing the most significant level
of damage and serine and methionine producing no detectable
DNA damage (Figure 7D). There is a direct correlation between
the peroxidation efficiency of 11 different amino acids and the
level of DNA damage, providing strong support for the hypothesis
that organic peroxides are produced in the plasma treated medium
and are responsible for the observed effects on DNA.

To characterize the DNA damage pathway activated by DBD
plasma treatment, we next sought to identify the kinase that
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phosphorylates H2AX in response to DBD plasma treatment. As
discussed, ATM, ATR and DNA-PK can phosphorylate H2AX
on Serl39. Phosphorylation of H2AX in response to plasma (as
well as HyOy) was markedly reduced in cells pretreated with
100 uM Wortmannin (Figure 8A), which at 100 uM inhibits
ATM, ATR, and DNA-PK [44]. In contrast, one hour
pretreatment with 10 uM KU55933, an ATM specific inhibitor
[45], did not significantly reduce the phosphorylation of H2AX in
response to plasma treatment, whereas it significantly reduced it in
response to HyOy (Figure 8A). These findings indicate that ATR
and/or DNA-PK is required for the phosphorylation of H2AX at
Ser139 in response to non-thermal plasma, although they do not
rule out that other kinases may be activated.

To more directly assess the role of ATM and/or ATR, shRNAs
were utilized. ATM shRNA effectively reduced levels of ATM and
blocked phosphorylation of H2AX in response to hydrogen
peroxide, but did not significantly affect the phosphorylation of
H2AX induced by plasma treatment (1.95 J/cm?) as compared to
non-targeting shRNA (Figure 8B). These findings confirm the
results with inhibitors and indicate that ATM is not the primary
mediator of H2AX phosphorylation in response to plasma
treatment. Depletion of ATR by shRNA reduced phosphorylation
of H2AX in response to plasma treatment by 92% relative to non-
targeting shRNA and 40% in response to hydrogen peroxide
(Figure 8C). Taken together, our findings demonstrate that non-
thermal plasma treatment activates ATR.

Activation of ATR by UV is through the formation of thymine
dimers resulting in replication fork collapse [46]. To determine
whether plasma treatment resulted in formation of thymine
dimers, immunofluorescence with an antibody that detects
cyclobutane pyrimidine dimers (TDM-2) was performed on cells
after treatment with UV or plasma. As shown in Figure 9A, all of
the cells treated with UV showed the presence of cyclobutane
pyrimidine dimers, whereas there was no evidence of thymine
dimers in cells treated with plasma. Pretreatment of cells with
NAC did not prevent formation of bulky adducts/thymine dimers
in UV treated cells (Figure 9B), further supporting that the effects
of plasma are different from UV.

Discussion

Based on the myriad of potential clinical applications of non-
thermal plasma [26] and the lack of information about the
molecular basis of the effects of plasma on mammalian cells, this
study has addressed the interaction of plasma with cells at a
molecular level. The present study demonstrates that non-thermal
plasma produces dose-dependent effects that range from increased
cell proliferation to apoptosis; these effects are the result of the
production of intracellular ROS.

Cell death in response to non-thermal plasma treatment in the
dose range examined is primarily though induction of apoptosis,
which is an important therapeutic consideration. Apoptotic cells
are broken up into apoptotic bodies, which are engulfed by
neighboring cells, leading to cell death without significant
inflammatory response [47,48]. Controlled delivery of non-
thermal plasma may provide a means to kill benign and malignant
lesions in a defined area, without significant necrosis and
subsequent inflammation. Delivery can be achieved by direct
treatment of tissue surfaces or application of defined medium
treated with plasma.

Plasma-induced DNA damage is likely initiated by neutral
species and not charged species produced by plasma in gas phase.
Use of a grounded mesh to exclude charged particles (ions and
electrons) did not significantly affect H2AX phosphorylation.
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doi:10.1371/journal.pone.0016270.g009

Further, blocking of all plasma species, except UV (by a
magnesium fluoride glass placed over the cells during treatment)
completely blocked the phosphorylation of H2AX after plasma
treatment, further demonstrating that UV does not play a role in
plasma-induced DNA damage in mammalian cells. Moreover, the
results of the experiments comparing direct treatment with
separated plasma treatment further rule out any effect of plasma
resulting from UV, temperature or electric field.

Mammalian cells undergo DNA damage as a result of ROS
generated from endogenous and exogenous sources. The intra-
cellular ROS scavenger, NAC, completely blocked phosphoryla-
tion of H2AX after non-thermal plasma treatment of MCFI10A
cells, indicating that the induction of DNA damage is mediated
through the formation of intracellular ROS. The role of ROS is
turther supported by direct measurement of intracellular ROS and
by the formation of lipid peroxidation products (Figure S2A,
Methods S1), specifically malondialdehyde (MDA);
plasma-induced lipid peroxidation does not lead to phosphoryla-
tion of H2AX (Figure S2B).

We have provided several lines of evidence that the interaction
of plasma with organic components of cells and media is
responsible for the induction of DNA damage. First, cells exposed
to PBS that was separately treated with plasma did not exhibit
DNA damage, whereas cells exposed to medium or a solution of
specific amino acids did undergo DNA damage and the media
remains active over extended periods of time, which would not be
the case with inorganic peroxides (e.g. HyOy), and is consistent
with published reports on organic peroxides [43]. The formation
of intracellular ROS as a result of plasma treatment can result
from formation of organic peroxides in the medium; in support of
this notion, there is a direct correlation between the peroxidation
efficiency of 11 different amino acids and the amount of DNA
damage induced in cells exposed to these amino acid solutions

however,

@ PLoS ONE | www.plosone.org

after plasma treatment. Taken together, these data strongly
support the conclusion that the effects of DBD plasma are
mediated by the organic peroxides formed in the medium,
although formation of organic peroxides in plasma-treated
medium should be directly measured. It should be noted that
cells in PBS directly treated with plasma exhibit DNA damage, in
contrast to cells exposed to separately treated PBS which do not.
We presume that the damage in cells after treatment in PBS is the
result of short-lived species interacting directly with oxidizable
organic substrates (including DNA) in cells. That the separated
treatment of PBS does not induce damage suggests that in absence
of organic substrates, the ROS that are generated are short-lived
probably due to their recombination and consequently are no
longer active when added to cells after the separated treatment.
The only possible explanation for the observed effects of direct
plasma treatment in PBS is that ROS coming directly from plasma
interact with organic substrates in cells producing stable ROS.
This is supported by our data demonstrating that the effects of
separated or direct treatment are blocked by an ROS scavenger.

Complex molecular networks that rapidly sense and repair
DNA damage have evolved to maintain genomic stability and
ensure cell survival [49]. ATM, ATR and DNA-PK [44] can
phosphorylate H2AX on Ser139 over a large region of chromatin
surrounding a DSB or a stalled replication fork [50,51]. In this
study, we have shown that phosphorylation of H2AX after plasma
treatment of MCF10A cells is primarily through ATR, in contrast
to the ATM-dependent phosphorylation of H2AX after treatment
of cells with IR or hydrogen peroxide. These results suggested that
plasma treatment may lead to formation of bulky adducts;
however, as shown, plasma treatment does not lead to formation
of bulky adducts/thymine dimers in MCFI0A cells. Unlike IR or
H50,, non-thermal plasma treatment may lead to formation of
stalled replication forks [52] to activate ATR; however, unlike UV,
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the activation of ATR by plasma does not involve formation of
thymine dimers and it is mediated by formation of ROS. Further
studies are needed to determine if plasma induces formation of
regions of single stranded DNA or interstrand cross-links which
would activate ATR.

Understanding the mechanism underlying the effects of plasma
is essential in applying it to clinical use. We have shown here that
DBD plasma generates active oxygen species in gas phase, which
can react with organic components, such as serum or amino acids,
to produce long-lived reactive species, mostly likely amino acid
and protein hydroperoxides. The amount of intracellular ROS
produced by plasma can be controlled by varying the frequency
and voltage waveform, allowing for the fine-tuning of the
therapeutic effect, from stimulating cell proliferation to inducing
apoptosis. Generation of organic peroxides in solution may
provide an alternative means of administration. Future work will
involve investigating the mechanism by which peroxidized amino
acids are processed by the cell. Current studies are directed at
establishing whether the effects of plasma are through the uptake
of amino acid hydroperoxides by active transport mechanisms in
cells or through ROS signaling and determining the nature of the
DNA damage. Devices that deliver DBD plasma can be designed
to accommodate a wide range of clinical applications, from surface
to endoscopic administration. Possible clinical applications of
DBD plasma include wound sterilization, potential enhancement
of healing, controlled ablation of tissue, and selective targeting of
benign or malignant lesions.

Supporting Information

Figure S1 Schematic of the plasma treatment setup.
(TTF)
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