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Abstract

Introduction

Cold plasma is a partially ionized gas generated by an electric field at atmospheric pressure

that was initially used in medicine for decontamination and sterilization of inert surfaces.

There is currently growing interest in using cold plasma for more direct medical applications,

mainly due to the possibility of tuning it to obtain selective biological effects in absence of

toxicity for surrounding normal tissues,. While the therapeutic potential of cold plasma in

chronic wound, blood coagulation, and cancer treatment is beginning to be documented,

information on plasma/cell interaction is so far limited and controversial.

Methods and Results

Using normal primary human fibroblast cultures isolated from oral tissue, we sought to deci-

pher the effects on cell behavior of a proprietary cold plasma device generating guided ioni-

zation waves carried by helium. In this model, cold plasma treatment induces a

predominantly necrotic cell death. Interestingly, death is not triggered by a direct interaction

of the cold plasma with cells, but rather via a transient modification in the microenvironment.

We show that modification of the microenvironment redox status suppresses treatment tox-

icity and protects cells from death. Moreover, necrosis is not accidental and seems to be an

active response to an environmental cue, as its execution can be inhibited to rescue cells.

Conclusion

These observations will need to be taken into account when studying in vitro plasma/cell

interaction and may have implications for the design and future evaluation of the efficacy

and safety of this new treatment strategy.
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Introduction
Plasma medicine is an emerging therapeutic field based on the use of cold and partially ionised
gases produced by various processes at atmospheric pressure. Among the technologies devel-
oped, one Cold Atmospheric Plasma (CAP) category consists in the production of ionization
waves in the air, currently called in the literature “plasma jets”, and producing numerous reac-
tive species [1–13]. Other terminologies have been proposed based on physical properties, such
as Pulsed Atmospheric Pulsed Stream (PAPS) [14], Guided Streamers (GS) [15,16], and
Guided Ionization Waves (GIW) [17].

Several studies suggest that these technologies may be useful in sterilization, blood coagula-
tion, wound healing, or cancer treatment. Key advantages of CAPs are that they could be tuned
to obtain different biological effects in absence of toxicity for normal adjacent tissues [18].
However, data on plasma mechanisms of action at the cellular level are rather scarce, as in vitro
plasmas/cell interactions can be challenging to interpret due to variable, and sometimes contra-
dictory, outcomes.

We decided to study the interaction of GIW carried by Helium (He-GIW) with a normal
human fibroblast population isolated from periodontal ligament (hPDL) [19]. PDL is a special-
ized connective tissue that participates in anchoring the teeth and is destroyed during peri-
odontitis. Currently, the prognosis of periodontitis is unpredictable and attempts to regenerate
tooth anchorage in order to prevent its loss continue to be disappointing [20,21]. CAP is being
considered as a potential therapeutic option for this unmet medical need.

Pleiotropic effects of CAP on mammalian cells have been reported, ranging from disturbing
cell adhesion to cell death induction [22]. Cell death can be triggered by harsh physical condi-
tions that disrupt vital cellular functions, a process regarded as passive and accidental. It can
also occur and be executed in a programmed way whereby it becomes an essential part of
development, homeostasis, wound healing, or pathological processes [23]. Apoptosis, the pro-
totypical controlled cell death, is based on energy-dependent self-destruction with cytoplasm
shrinkage, nuclear condensation, and plasma membrane blebbing, with prolonged plasma cell
integrity. On the other hand, necrosis has been considered for a long time as a non-specific and
uncontrolled form of cell death, with rapid loss of cellular membrane potential resulting in
cytoplasmic swelling and rupture of the plasma membrane. However, accumulating evidence
suggests that some forms of necrosis are induced in a specific and controlled way, renewing the
interest for this cell death mechanism [24–26].

All forms of controlled cell deaths occur through the same sequence of events: trigger, initia-
tor, mediator, and executioner. For example, apoptosis is triggered by death receptor activation
(extrinsic) or by mitochondrial cytochrome C release (intrinsic) and is executed by caspase 3/7.
On the other hand, controlled necrosis can be triggered by structurally unrelated stimuli (ROS,
Ca2+, Hypoxia, receptor engagement, etc. . .) and its execution relies on ATP depletion, osmotic
swelling, and/or loss of lysosomal integrity. In contrast to accidental cell death, progression
through the different layers of controlled cell death can be inhibited. Inhibiting cell death exe-
cution can result either in cell survival or cell death by another pathway due to the interconnec-
tion between cell death programs [25,26].

In this paper, we describe the induction of controlled necrosis in human normal hPDL cells
treated with a He-GIW atmospheric cold plasma. We show that cell death is triggered by tran-
sient changes in the cell’s environment and not by direct plasma-cell interaction, and that
changing the microenvironment’s redox-status can protect cells from cell death. Moreover,
necrosis seems to be an active response to an environmental cue, since it can be inhibited to
rescue cells.
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Materials and Methods

Helium Guided Ionization Waves (He-GIW) device
The plasma process consists in the production of Guided Ionization Waves at atmospheric
pressure and room temperature. This device is composed of three major elements: the reactor
in which gas ionization is initially produced, the High-Voltage generator which supplies suffi-
cient electrical energy in the gas for its ionization, and finally the gas used and its hydrody-
namic conditions of flow in the reactor. A description of this device is indicated in Fig 1.

The reactor is a dielectric tube in alumina in which a tungsten filament is inserted and high-
voltage powered. A metallic cylinder is fixed around the dielectric tube and grounded, thus
allowing the application of high electric fields between the tungsten filament and this metallic
cylinder. This configuration allows limiting the current and avoids the formation of electrical
arcs. Due to the very thin diameter of the tungsten filament, a point effect induces the forma-
tion of specific ionization waves, which are guided by the dielectric tube and propagate in the
surrounding air until several centimeters.

The High-Voltage power supply delivers periodic high-voltage pulses of short durations
(1μs) and low frequency (~10 kHz), so that the pulse duration is largely shorter than the period
of the signal. Duty cycle of the voltage signal is thus fixed to 1%, rise and fall times of this deliv-
ered signal are closed to 100ns each other. Electrical characterization is performed using spe-
cific High Voltage and current probes (Tektronix P6015 HV 1000:1 probe—bandwidth
75MHz, and current probe Tektronix CT2—bandwidth from 1.2kHz to 200MHz). Measure-
ments are registered with a Tektronix oscilloscope (TDS3054B, 500MHz– 5GS/s) as indicated
in Fig 2a, where it can be observed that substantial displacement currents produced. These cur-
rents are positive (~2,1A peak) during the rise time and negative (~-1,6A peak) with the
decrease and are separated by less than 100ns each other (Fig 2b). The system thus produces
pulsed GIWs, which considerably limits the gas temperature that remain close to room temper-
ature [27,28] Estimates of the pulsed power injected into the gas by integration of the current
signal during the application of the voltage are in the kilo-Watt range and the energy is in the
low milli-Joules range, which is in accordance with measurements on devices with similar con-
figuration [29].

Helium gas was chosen for its low breakdown voltage and because it generates a better prop-
agation of ionization waves, with a flow at a constant rate of 2 standard liters per minutes (slm)
inside the ceramic tube. Once gas breakdown has been achieved, the formation of a laminar
gaseous plasma pencil is easily visible as indicated in Fig 1. The colors observed are due to the
emissive species produced by the interaction of the ionization wave with the surrounding air,
leading to the excitation, dissociation, and ionization of gaseous molecules. Identification of
specific emissive species has been performed using optical emission spectroscopy (OES) and
has been recently been reported for several gaseous mixtures of Helium or Argon with Nitro-
gen or Oxygen [28]. Main emissive species with Helium as plasma carrier gas are listed in table
1, highlighting that the production of Reactive Oxygen and Nitrogen Species (ROS/RNS) in the
gas phase are mainly NOγ system, radical hydroxyl OH, atomic oxygen or specific neutral and
ionized molecular nitrogen species.

The relative intensities of the main emissive species in the guided ionization wave were per-
formed by optical characterizations 5mm after the exit ceramic tube along the axial propaga-
tion of plasma (Fig 3).

The gas temperature of our device was previously estimated by rotational temperatures of
probes molecular as hydroxyl OH and Second Positive System N2 [28]. The temperature
obtained 5mm at the ceramic tube exit are closed to 315K. Because the temperature of the
plasma ionization wave is decreasing along its propagation (temperature gradient) to reach
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ambient air temperature, our plasma process (used at 30mm from the cell culture medium sur-
face) does not interfere the cell viability by thermal changes.

Reagents
Propidium iodide (PI), 7-aminoactinomycin D (7-AAD), Annexin V Apoptosis Detection Kit
APC and isotype-matched negative control antibody were from Ebioscience (Paris, France). The
Pan Caspase Inhibitor Z-VAD-FMK (1/1000) was from R and D system (Minneapolis, MN,
USA). N-acetyl-L-cysteine (NAC), were purchased form Sigma Aldrich, St Louis, MO, USA).
Rabbit anti human antibody specific for the cleaved (active) form of caspase-3, 3,3'-Dihexyloxa-
carbocyanine Iodide DiOC 6(3), Dylight 647 goat anti-rabbit IgG, Hoechst 33342, Accutase, pen-
icillin, streptomycin, phosphate buffer saline, α and DMinimum Essential Medium (MEM)
Glutamax, fetal calf serum and goat serum, were from Invitrogen (Carlsbad, CA, USA). Rabbit
polyclonal anti-caspase-3 antibody was from Cell Signaling Technology (Danvers, MA, USA).

Fig 1. Experimental set-up.

doi:10.1371/journal.pone.0133120.g001

Fig 2. Electrical high voltage and current signals analyzed during one impulse (2a) and during one
period (2b) (He gas flow = 2slm, voltage frequency = 10kHz, voltage amplitude = 5kV, voltage duty
cycle = 1).

doi:10.1371/journal.pone.0133120.g002
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Human PDL cells isolation and cell culture
Human PDL (hPDL) cells were isolated from non-impacted premolars extracted from healthy
donors for orthodontic reasons (one female, five males; age range 13–18 years) and pooled.
Briefly, PDL tissue was separated from the surface of the mid-third of the root and cells were
recovered and cultured in growth medium (α-MEM Glutamax + 10% Fetal Calf Serum [FCS])
in 5% CO2 atmosphere as previously described [19]. Cells from passage 4 to 10 were used and
all exhibited a CD105+/90+/45-/14- phenotype that confirmed their connective tissue lineage
as well as the lack of cells from hematopoietic origin in the culture (data not shown). To test
the effect of He-GIW on hPDL cultures, cells were seeded in 12- or 48-well plates in growth
medium at different densities as indicated and allowed to attach for 24 h. Cells were then
treated as described below.

The use of human waste tissue conforms to standard practices established at the University
of Toulouse and regulated by the French Ministry of Health. Written informed consent was
obtained from the patients’ parents. A declaration of human biological sampling (without cell
collection freezing bank) was filed with the local ethics committee (CPP Sud-Ouest Outre-
Mer).

He-GIW treatment
One hour prior the test, culture medium was replaced by selected medium (1 mL and 0.25 mL
for 12- or 48- well plates, respectively) supplemented or not with agonists or inhibitors as indi-
cated, then direct He-GIW treatment was performed in open air, 30 mm above the bottom of
each well. Preliminary experiments showed no difference in cell behavior between gas flow-
exposed cultures and unexposed cultures, qualified in this study as control cells. Cells were
then analyzed at indicated times as described below.

Reactive oxygen species (ROS) inhibition
To inhibit ROS, cell cultures were pretreated with either NAC (4 mM) or 10% FCS for 30 min
prior to treatment, or added to wells after exposure without medium change, except where
indicated.

Determination of cell apoptosis 6 and 24 h after He-GIW treatment
Untreated, He-GIW- or staurosporin-treated cells were washed with PBS then detached with
Accutase. Single-suspensions of hPDL cells in annexin V buffer were pelleted at 500 rpm for 5
min before incubation with annexin V-APC conjugate (1/50; v/v) at RT for 30 min. Annexin V
buffer was then added to cells without washing. Cell number was determined during FACS

Table 1. Main emissive species produced with Helium as plasma carrier gas.

Species λ(nm)

NOγ: A2Σ+
−X2Π vibrational transitions in the 200-280nm range

OH: A2Σ+
−X2Π 309

N2(SPS): C
3Πu−B

3Πg 315,93 / 337,13 / 357,69 / 380,49

N2
+(FNS): B2Σu

+
−X2Σg

+ 391,44 / 427,81 / 470,92

N2(FPS): B
3Πg−A

3Σu
+ transitions in the 500-900nm range

Helium transitions 500-750nm range

Hα: n = 3-n = 2 656,30

O: 5P-5S0 / 3P-3S0 777,53 / 844,63

doi:10.1371/journal.pone.0133120.t001
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experiment using FluoSpheres Polystyrene Microspheres, 15 μm (Invitrogen). 7-aminoactino-
mycin D (7-AAD) or propidium iodide (PI) were added for cell death exclusion. Acquisition of
events was performed on an LSR-2 or a FACScalibur cytometer (BD Biosciences, Franklin
Lakes, USA). The data were analyzed with the FlowJo software (TreeStarinc., Ashland, USA).

Western Blotting
Cells were lysed in cold lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Nonidet
NP40) supplemented with 1mM orthovanadate, 10mM NaF, and a protease inhibitor cocktail
(Sigma-Aldrich) for 10 on ice. Cell lysates were cleared by centrifugation (16 000 g, 10 min,
4°C), and protein concentration was determined by the Bradford assay (Bio-Rad, Hercules,
CA, USA). Proteins were resolved on SDS- PAGE, transferred onto PVDF membranes by elec-
troblotting, and nonspecific binding sites were blocked using Tris-buffered saline containing
0.1% Tween-20 and 5% (w/v) dry milk or BSA. Primary antibody was incubated overnight at
4°C and after incubation with appropriate secondary antibodies conjugated to horseradish per-
oxidase, blots were revealed using the ECL reagents (GE Healthcare, Chalfont St. Giles, UK).

Determination of mitochondrial membrane potential
Mitochondrial membrane potentials (Δψm) were measured by means of DiOC6 staining as pre-
viously described [30]. Briefly, untreated or He-GIW, staurosporin-treated cells were washed
with PBS then detached with Accutase. Single-suspensions of hPDL cells in FACS buffer (PBS/
5%FCS) were pelleted at 500 rpm for 5 min before incubation for 20 min in 350μl of 40 nmol/l
DiOC 6(3) in FACS buffer, immediately followed by analysis on a cytofluorometer.

Immunofluorescence studies
For fluorescence microscopy analysis, cells were seeded onto 48-wells, then subjected to He-
GIW, staurosporin, or left untreated. Six hours later, cells were incubated with PI for 15 min,
then fixed in 3.7% paraformaldehyde for 15 min, blocked in 5% goat serum for 30 min before
incubation with an anti-cleaved caspase-3 primary antibody for 1 h before washing. Dylight

Fig 3. Relative concentration of the main emissive species in the guided ionization wave (conditions:
He gas flow = 2slm; voltage frequency = 10kH; voltage amplitude = 5kV; voltage duty cycle = 1%.
Optical fiber placed 5mm after the exit ceramic tube).

doi:10.1371/journal.pone.0133120.g003
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647 goat anti-rabbit IgG (Invitrogen) was used as secondary antibody. Nuclei were counter-
stained with Hoechst 33342 (1μg/mL), before final washes in PBS. Fluorescence staining was
visualized by fluorescence microscopy (Zeiss Apotome).

Statistical analysis
Data were expressed as mean ± SEM. Tests were performed in triplicate and each experiment
was independently repeated at least three times. One-way and two-way analyses of variance
were performed with Bonferroni correction for multiple comparisons. Statistical significance
was chosen at 0.05 with p<0.05 (�), p<0.01 (��), and p<0.001 (���). Statistics and graphics
were generated using PRISM GraphPad 5.0. (GraphPad Software, San Diego).

Results

Device settings and cell culture parameters influence cell fate after He-
GIW exposure
As a starting point, 50% hPDL confluent cells maintained in 3% FCS were treated with He-
GIW at increasing voltage and exposure time. Twenty-four hours after treatment, we observed
a significant decrease of adherent cell number with 5kV and 30 sec exposure, compared to con-
trol (Fig 4a and 4b). With these settings, the cell morphology shifted from normal elongated to
refringent 6 h after treatment, and most cells floated in the medium culture 24 h after exposure
(Fig 4c).

During preliminary experiments, we also observed that extracellular environment had a sig-
nificant impact on cell fate after He-GIW treatment. Indeed, while exposed hPDL cultures
maintained in 1% FCS exhibited a dramatic loss of adherent cells compared to control, increas-
ing FCS concentration (Fig 4d) or confluence (Fig 4e) were able to protect cells against loss of
adhesion. However, FCS protection was limited and reached a 50% cell recovery plateau start-
ing at 5% FCS concentration (Fig 4d).

Based on these findings, we decided to focus next on the mechanisms inducing cell detach-
ment using 5 kv and 30-second exposure length for plasma setting and 3% FCS, 50% conflu-
ence for cell culture.

He-GIW induces a predominantly necrotic cell death
Microscopic observation after He-GIW treatment shows that floating cells exhibit a round, bal-
loon-like, morphology without any membrane blebbing (Fig 4c and Fig a in S1 File) suggesting
induction of a cell death, mainly by necrosis. To confirm this observation, cells were stained
with annexin V, a biochemical marker of apoptosis, and propidium iodide (PI), a marker of
cell membrane integrity. Cell treatment with the prototypical apoptosis inducer, staurosporine,
showed the appearance at 6 hours of a cell population that was Annexin V+/PI-. In contrast,
He-GIW treatment elicited the appearance at the same time point of a cell population that had
taken up PI but was heterogeneous with regard to Annexin V staining (Fig 5a and 5b). To eval-
uate the integrity of Annexin V+ cells under these conditions, we plotted the forward (FSC)
and side (SSC) scatter profile of Annexin V+ cells against the total cell population. Unlike
Annexin V+ staurosporine-treated cells, which at 6 hours had a scatter profile consistent with
intact cells, Annexin V+ He-GIW-treated cells had an FSClow profile consistent with damaged
cells (Fig b in S1 File). This, in combination with the fact that they were also PI+ (Fig 5a and
5b), suggests that these cells may have passively taken up Annexin V due to their damaged
state [31]. Later, 24h after treatment with He-GIW or staurosporine, nearly all cells were dou-
ble positive for Annexin V and PI (Fig 5a and 5b) and damaged (Fig b in S1 File). Although it
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is difficult to ascertain the exact mechanism of death at this late stage, it is likely, given the
absence of Annexin V+/PI- staining early on, that apoptosis was not a major contributor to
death of He-GIW-treated cells.

Although increasing serum concentration reduced the dead cell number 24 hrs after He-
GIW culture exposure, the early non-apoptotic profile of He-GIW treated cells was not modi-
fied (Fig 5c). We confirmed the absence of apoptosis by monitoring the production of cleaved
caspase 3 (Fig 5d and 5e) and the lack of inhibition by the pan caspase inhibitor Z-VAD (Fig
5f). These results suggested that He-GIW treatment induces necrosis in hPDL cells treated
with He-GIW.

He-GIW exposure induces a depolarization of the mitochondrial
membrane after the first hour and precedes cell death
During necrosis, cell membrane permeabilization can be initiated either by direct damage to the
plasma cell membrane or by energy depletion. To distinguish between these possibilities, we
used DiOC6 marker to monitor mitochondrial inner membrane potential (Δψm), a requirement
for ATP production, following He-GIW exposure. Most of He-GIW-treated cells lost adhesion
during the first 6 hours (Fig 6a). Δψm remained stable the first hour, whereas 60% of cells lost
their Δψm 3 h after treatment (Fig 6b and 6c). DiOC6/7AAD double staining shows that at that
time, 60% of the exposed cells that have lost their Δψm remained negative for 7AAD, a marker
of cell membrane permeability. This suggests that Δψm impairment precedes the loss of plasma

Fig 4. Device settings and cell culture parameters influence cell fate. (a) hPDL were treated with He-
GIW using different voltages and (b) exposure lengths. Adherent cell number was evaluated 24h after
treatment and expressed as a percentage of control. (c)Cell morphology was monitored by phase contrast
microscopy 6h and 24h after treatment. (d) Cell culture incidence on He-GIW treatment was evaluated using
different FCS concentrations and (e) cell confluence. Adherent cell number was assayed 24h after treatment
and expressed as percentage of control. Error bars represent S.E.M. of three independent experiments
p<0.05 (*), p<0.01 (**) and p<0.001 (***).

doi:10.1371/journal.pone.0133120.g004
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membrane integrity (Fig 6d) and that cell membrane permeabilization observed after He-GIW
treatment is due to energetic collapse rather than cell membrane alteration.

The He-GIW-induced cell toxicity is caused by a modification of the
extracellular environment
We wondered whether alteration of mitochondrial respiration induced by He-GIW was caused
by a modification of cell environment or by a direct effect on cells. Cell-free medium was first
generated by treatment with He-GIW, then cells were incubated with this conditioned

Fig 5. He-GIW induces a necrotic cell death. (a-c) Presence of apoptosis was assayed by FACS analysis
of Annexin V/PI dual staining. (a) An example of flow cytometry profile 6 h after treatment with He-GIW or with
staurosporine, a positive control for apoptosis. X axis represents annexin-V-APC staining and Y axis PI
staining. (b) Percentage of cells positive for Annexin V only (black), PI only (white) or both (grey) was
measured 6 h and 24 h after treatment with He-GIW or staurosporine in standard cell culture conditions (c) or
with 1% or 5% FCS. (a-c) are representative of 3 independent experiments. (d) Caspase 3 cleavage (red)
was assayed by immunofluorescence 6h after He-GIW or staurosporine treatment. Cell nuclei are labeled
with Hoechst and appear blue. (e) Caspase 3 cleavage was monitored byWestern Blot for 2 h after He-GIW
treatment. (f) Adherent cell percentage 6 h after He-GIW treatment in presence or absence of caspase
inhibitor Z-VAD. Error bars represent S.E.M. of three independent experiments. p<0.05 (*), p<0.01 (**) and
p<0.001 (***)

doi:10.1371/journal.pone.0133120.g005
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medium. Δψm loss was observed up to 6 h after treatment with cell-free He-GIW-treated
medium, suggesting that cell death was induced by interaction of plasma with the medium and
not with the cells. Medium alteration was immediate and transient, with the effect of He-GIW
treatment on medium persisting up to two hours after conditioning (Fig 7a).

As toxicity was mediated by the extracellular environment, we next determined the minimal
time of exposure necessary and sufficient to induce Δψm loss. At various time points after expo-
sure to He-GIW, we replaced cell medium by fresh medium and measured Δψm 3 h later (Fig 7b).
Change of culture medium immediately or 30 min after exposure prevented the Δψm impairment,
further confirming that Δψm collapse depends on cell medium and not on cell-plasma interaction
(Fig 7b). Leaving cells in He-GIW-treated medium for at least 1 h was necessary and sufficient to
induce Δψm loss 3 h after treatment, suggesting that cell death was trigged between 30 and 60
minutes after exposure to conditioned extracellular medium (Fig 7b). Collectively, data show that
cytotoxicity of He-GIWwas caused by a fast and transient change in the cell’s environment. Expo-
sure to this modified medium for as little as 1 h was necessary and sufficient to induce an energetic
catastrophe 3 h later. This timeframe is henceforth referred as the triggering phase.

NAC or 10% FSC addition prevent He-GIW toxicity
Since it has been described that plasma effects can be mediated by ROS, we used the ROS inhib-
itor N-acetyl cysteine (NAC) in our mitochondrial potential assay. Indeed, addition of NAC at
the time of treatment inhibited the Δψm loss induced by He-GIW to the same extent as the

Fig 6. Mitochondrial membrane depolarization precedes cell membrane alteration. (a) Adherent cell
percentage was monitored for 6 h after He-GIW treatment. (b) Cell Δψmwas monitored by FACS analysis for
6h using DiOC6 staining. Results of one representative experiment of at least three. (c)Geometric means of
DiOC6 staining relative to control 1, 3 or 6 h after He-GIW treatment. (d) Δψm (DiOC6) and plasma cell
membrane permeability (7AAD) were monitored by FACS analysis for 6 h after He-GIW treatment. When
present, error bars represent S.E.M. of three independent experiments p<0.05 (*), p<0.01 (**) and p<0.001
(***)

doi:10.1371/journal.pone.0133120.g006
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addition of 10% FCS (Fig 7c). Protection by NAC or FCS was equally effective, whether these
agents were present continuously or only during the triggering phase, thereby confirming their
ability to prevent the initiation of cell death (Fig 7c). Surprisingly, protection by NAC, and to a
lesser extent by FCS, was also effective if added after the triggering phase, suggesting that both
molecules were also able to inhibit cell death execution. However, protection was lost if NAC
or FCS were added 2 h after He-GIW, indicating that cells have passed, at that time, beyond a
critical control point (Fig 7d).

Discussion
Heat-producing plasma has historically been used on living tissue only for tissue removal, ster-
ilization, and cauterisation. More recently, Cold Atmospheric Plasma devices have raised inter-
est because they can be tuned to induce selective non-lethal effects at close to room
temperatures with a potential use in cancer therapy, wound healing, and tissue regeneration
[18]. There is consensus in the field that while the effects of CAP on mammalian cells are medi-
ated by reactive species generation, other energy components of CAP, such as the electric fields,
the charges and photons involved in such processes, may play a synergistic role. However,
studies aimed at understanding the mechanism of action of plasma using cell culture models

Fig 7. Necrosis induction is indirect and its execution is controlled. (a)Cell-free medium was
conditioned by treatment with He-GIW. Cells were then treated by conditioned medium immediately, or 1 h, 2
h, or 3 h after He-GIW conditioning. (b) Cell medium was renewed before, concomitantly with, or 30 min or 1 h
after He-GIW treatment. (c)Cells were treated with He-GIW alone or in presence of NAC or 10% FCS. Cell
medium was renewed 1h after treatment (Triggering phase only in black) or not (Full exposure in white). (d)
Cells were treated with He-GIW, and 10% FCS or NAC were added immediately, 1 h, 2h, or 3h after
treatment. In every experiment, the percentage of DiOC6 negative cells was assayed 6 h after cell treatment.
Note that death can be inhibited even if cells have been exposed to the 1h triggering phase. Error bars
represent S.E.M. of three independent experiments. p<0.05 (*), p<0.01 (**) and p<0.001 (***).

doi:10.1371/journal.pone.0133120.g007
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have proven difficult to interpret due to pleiotropic effects ranging from disturbing cell adhe-
sion to apoptotic cell death induction. Generally, these controversial data are attributed to dif-
ferences between devices, settings, or cellular models [22].

Here, we show that hPDL treatment with He-GIW can induce a form of cell death with fea-
tures distinct from apoptosis. For instance, the caspase proteolytic cascade classically associated
with apoptosis was not activated and chemical inhibition of caspases was not able to reverse
cell death. Although we cannot rule out the participation of a caspase independent apoptotic
pathway, morphological and biochemical observations tend to favour necrosis. Indeed death
was accompanied by swelling without membrane blebbing or phosphatidylserine externaliza-
tion. Therefore, we describe here a non-apoptotic cell death induced by plasma treatment [32–
40]. Although this finding may be linked to differences in plasma device or in the cell type
used, some key points should be considered.

First, similar results were obtained on connective cells from various origins, like adipose tis-
sues (data not shown). Moreover, the cell death highlighted here is indirect. It relies on one or
several transient compounds rapidly generated in the extracellular medium exposed to He-
GIW. This observation is in agreement with previous reports [33,36,41,42] showing that cell
treatment with plasma depends on their interaction with the cell medium. Moreover, by adding
a ROS inhibitor or serum to the medium, we observed that the same device and settings can pro-
duce different effects depending on the redox status of the environment. This additional layer of
variability should be taken into account when working on plasma/cell interactions in vitro.

Little information is available on the mechanisms leading to plasma-induced cell death. Kal-
ghatgi and al. [33] have shown that plasma cell treatment induces the production of intracellu-
lar reactive species, leading to DNA single strand breaks and apoptosis 3 days after treatment.
Other studies also reported the presence of DNA damage and cell death by apoptosis between
1 and 3 days [40,38,32–37,39] using different cell lines and devices. Panngom and al. [40]
recently observed that plasma induces modifications in mitochondria morphology 24 h after
treatment, and Kang and al. [43] identified mitochondria as a potent source of intracellular
ROS. In our model hPDL treatment by He-GIW predominantly induces a form of necrotic cell
death that was due to alteration of mitochondrial function and was effective only 3 h after treat-
ment. Differences in cell death execution and kinetics could reflect quantitative differences in
reactive species production by medium, as many insults induce apoptosis at lower doses and
necrosis at higher doses [24].

The necrosis we describe in this study is not due to generation of an environment incompat-
ible with hPDL physiology, as it could be inhibited to rescue cells even if they were exposed to
potentially lethal doses. For a long time, necrosis has been opposed to apoptosis by only consid-
ering it as an accidental and uncontrolled process. However, accumulating evidence shows that
execution of necrosis processes could be carried out by signal transduction and inhibited to res-
cue cells. For example, in cerebral stroke and myocardial infarction, necrosis is not only due to
oxygen deprivation as initially thought, but can also be induced by perfusion restoration.
While the precise mechanism is still debated, it has been shown that ischemia/reperfusion
necrosis can be prevented by p53 inhibition, a signalling pathway involved in stress response,
or by ROS scavengers like NAC [24].

Further investigations are needed to determine the key players of the pathway leading to
bioenergetics failure in connective cells following He-GIW exposure. While treatment outcome
may be specific to a cell type or cell culture condition, this study could open a new rationale to
medical applications. We have shown that plasma-induced free radical production depends on
the redox status of the environment. Consequently, He-GIW could be used to selectively target
cells in permissive context like in tumoral, infected or inflamed tissue [44,45] while preserving
normal tissue. For example, periodontitis could represent an interesting target for debridement,
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as it is particularly prone to oxidative stress [45]. Moreover, since cell death induced by He-
GIW is controlled, its execution could be inhibited to preserve fibroblasts and their regenera-
tive potential. This specificity could be also exploited to commit cancer cell to necrosis due to
their increased sensitivity to oxidative stress [46,47]. In this case, necrosis is of particular value,
as it has been shown that during necrosis cells release molecules that stimulate the immune
response, a mechanism that has been correlated to long term chemotherapy success [48].
Understanding the mechanisms underlying cell death in CAP is key to its proper therapeutic
use and to prevent eventual undesirable effects.

In summary, we show here that normal primary fibroblasts exposed to a He-GIW CAP
undergo non-accidental form of necrosis that is due to an interaction between extracellular
environment and plasma rather than to a direct cell response to plasma. This effect may be
attributed, at least partly, to specific gaseous species generated by our device, like ozone, as
recently suggested [49]. By transiently modifying the cell’s environment, the He-GIW plasma
used here induces a cellular response culminating in mitochondrial shutdown. While further
studies are needed to pinpoint the nature of the connection between extracellular medium
modification and mitochondrial dysfunction, the findings reported here reveal a novel, indirect
effect of plasma on cell fate. This new type of effect will need to be taken into account when
evaluating the efficiency and safety of plasma treatment.

Supporting Information
S1 File. Cell death morphology differs between HeGIW and staurosporine treatment.
Exemple of morphological differences observed by light microscopy between staurosporine
and He-GIW treatment at 6 hours (Figure a). Flow cytometry profile showing forward (FSC)
and side scattered (SSC) light generated by cells 6 or 24h after treatment with He-GIW or the
apoptosis inducer staurosporine. Blue dots represent Annexin V-positive cells and red dots
represent the total cell population. Ellipse corresponds to the window that contains the total,
untreated cell population at each time point (Figure b).
(TIF)

S2 File. Electrical high voltage and current signals analyzed during one impulse (Figure 2a)
and during one period (Figure 2b). Relative concentration of the main emissive species in the
guided ionization wave (Figure 3). Flow cytometry count for device settings and cell culture
parameters (Figure 4). Flow cytometry count for apoptosis assays and apoptosis inhibitor (Fig-
ure 5). Flow cytometry count for adherent cell and DiOC6 assays (Figure 6). Flow cytometry
count for DiOC6 assays (Figure 7).
(ZIP)
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