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Comparison of three radio-frequency discharge
modes on the treatment of breast cancer cells in

vitro
Jean-Sébastien Boisvert, Julie Lafontaine, Audrey Glory, Sylvain Coulombe and Philip Wong

Abstract—Non-thermal plasmas (NTPs) are known for their ability to induce thermal-free cytotoxic effects on cancer cells. However, as
the variety of NTP devices increases, comparison of their cytotoxic effect becomes increasingly essential. In this work, we compare the
cytotoxicity of three different radio-frequency NTPs. MDA-MB-231 triple negative breast cancer cells are treated in suspension in
DMEM culture medium by the effluents of a single radio-frequency (RF) discharge device operating in three modes, namely the Ω and
γ modes of the capacitively coupled radio-frequency (CCRF) discharge and a RF plasma jet mode. All three discharge modes reduce
the proliferative capacity of MDA-MB-231 cells, but the treatment time required to reach the same efficacy is more than ten times
longer using the Ω and the γ modes than using the jet mode. In all cases, using the appropriate treatment time, cells exhibit an
impaired proliferation and eventually start to show signs of cell death (about 48 h after treatment). The three discharge modes also
induce nuclear DNA damages. Plasma-produced H2O2 was not found to contribute to the cytotoxicity of the treatment. Furthermore,
short-lived reactive species (liquid phase species with a lifetime below 1 s) are expected to play an important role in the anti-cancer
effect of all three discharge modes.

Index Terms—Non-thermal plasma, plasma oncology, triple negative breast cancer, plasma jet, radio-frequency discharge,
MDA-MB-231, suspension, DNA damages, proliferation.
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1 INTRODUCTION

A PPLICATION of non-thermal plasmas (NTP) to cancer
treatment has become an effervescent field during the

last two decades [1]. From in vitro fundamental research
to early clinical trials, suggestions of the potential use of
NTP as a new cancer treatment are numerous [2]. However,
with a wide array of NTP sources and biological assays
evaluating multiple cancer models, it is difficult to draw a
uniform picture of the effect of NTP on cancer cells, even in
vitro [3]. On the NTP side alone, the diversity is remarkable.
For instance, non-thermal plasma jets can be sustained using
multiple plasma forming gases, excitation frequencies (or
waveforms) and electrode configurations [4], without hav-
ing taken into account dielectric barrier discharges (DBDs)
and other devices that are also used in plasma medicine [5].
On the biological side, the type of cancer and in vitro model
used for plasma experiments are numerous, resulting in
great variations in outcomes [6], [7]. In order to compare the
cancer treatment capability of different NTPs while keeping
variability to a minimum, biological parameters should be
fixed and controlled as much as possible [3], [8].

In this work, a convertible radio-frequency field appli-
cator was designed to generate three NTPs of different
physical properties. In section 2, the convertible plasma jet
device is described while in section 3 some basic plasma
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diagnostics are performed. Application of the convertible
plasma jet device to the treatment of triple negative breast
cancer cell line MDA-MB-231 is presented in section 4.
The results are then discussed with respect to the different
discharge modes in section 5.

2 EXPERIMENTAL METHODS

2.1 Plasma jet and diagnostics
2.1.1 Mechanical design of the field applicator
The electrode configuration of the convertible plasma jet de-
vice is a coaxial configuration in which a dielectric material
separates the ground electrode and the annular open gap for
the flowing gas. The electrode configuration is shown in Fig.
1(a), where the ground electrode consists of a stainless steel
tube (4 mm and 6 mm of inner and outer diameters, respec-
tively) and the high-voltage electrode consists of a smaller
diameter stainless steel tube (0.686 mm and 1.067 mm of
inner and outer diameters, respectively). A quartz tube
(3 mm and 4 mm of inner and outer diameters, respectively)
acts as the dielectric barrier (εr = 3.75), placed directly
inside the grounded tube, thus leaving an annular gap for
gas injection between the dielectric and the central powered
tube electrode. The whole assembly forms a dielectric bar-
rier discharge (DBD) configuration of 3 cm in length. As the
high-voltage electrode is hollow [9], the plasma-forming gas
can be injected either through it or through the annular gap.

2.1.2 Electrical design of the field applicator
In the electrical circuit of Fig. 1(a), the central electrode is
connected to a 13.56 MHz RF power supply (Cesar model
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Fig. 1. (a) Electrode configuration inside the field applicator (front view)
and simplified electrical circuit showing the current and voltage mea-
surements. (b) Sketch of the convertible plasma jet device during a
treatment of cells in suspension in culture medium inside a microtube
(jet mode).

1312) via a matching network (Navio 57020137-00D) and the
external electrode is connected to the ground. The instan-
taneous current and voltage are measured with a current
transformer (Pearson 2877) placed around the grounded
electrode wire and a high-voltage probe (Tektronix P6015)
placed on the high-voltage electrode, respectively. The elec-
trical measurements are recorded via a 100 MHz bandwidth
digital oscilloscope (Tektronix TDS2014C). Integrating the
product of current and voltage measurements over a com-
plete excitation waveform period [10], the plasma power
density is estimated to vary in the 1 W cm−3 to 100 W cm−3

range, according to the discharge mode.

2.1.3 Control of the discharge modes
Using the electrode assembly of Fig. 1, it is possible to
sustain three different discharge modes when a 13.56 MHz
sinusoidal excitation waveform is fed to the high-voltage
electrode. These discharge modes, described in section 3,
are controlled using two parameters:

1) the applied power and
2) where the plasma-forming gas is injected.

In this work, all experiments are performed at atmospheric
pressure (101.3 kPa) with helium (Praxair, 99.999% purity)
injected either within the annular gas gap between the
dielectric and the hollow high-voltage electrode or through
the high-voltage electrode itself.

2.1.4 Basic plasma diagnostics
The optical emission of the discharge was collected by an
optical fibre for emission spectroscopy, and directly with a
camera for imaging. Optical emission spectra are sampled
in the electrode area and collected with the tip of an optical
fibre (600 µm core diameter) pointing directly toward the
plasma. The optical fibre is connected to a spectrometer
system (200 nm to 850 nm) through a 100 µm slit (Ocean Op-
tics, Flame-S equipped with a Sony ILX-511B detector and
a 600 line/mm grating). The optical emission spectroscopy
system was corrected by its complete response curve using
a Princeton Instruments Intellical lamp above 400 nm and a

900 W Tungsten lamp below. Pictures of the discharge are
recorded with a CCD camera (Nikon D40). The camera is
positioned either in front of the nozzle to collect the light
coming from the electrode area or perpendicularly to the
nozzle to collect the light emission produced outside of
the nozzle. Finally, to determine the temperature within the
treatment zone, a grounded thermocouple (Omega, TJFT72-
K-SS-116G) was used.

2.2 Treatment method and biological diagnostics

To investigate the cytotoxicity of the different discharge
modes produced by the convertible plasma jet device, the
triple negative (estrogen receptor, progesterone receptor
and HER2 negative) breast cancer cell line MDA-MB-231 is
exposed to plasma and then analyzed with various assays.

2.2.1 Cell culture and NTP treatment

Human breast cancer cell line MDA-MB-231, genetically
modified to express H2B-GFP (described elsewhere [11])
was used in this work. The cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10%
foetal bovine serum and 1% penicillin streptomycin in a
humidified atmosphere at 5% CO2 and 37 ◦C. A cell sus-
pension was prepared and a total of 1× 104 cells together
with 400 µl of medium were distributed in non-adherent
1.5 ml microtubes (Eppendorf). In this work, the plasma
treatment is performed directly within the microtubes (see
[Fig. 1(b)]). Hence, the cells are treated in suspension rather
than attached to the bottom of a petri dish. To perform the
treatments, the nozzle of the plasma applicator is positioned
inside the microtube, about 5 mm above the surface of the
medium. As shown in Fig. 1(b), the distance of 5 mm was
selected so that for all NTP treatments, including the jet
mode, the visible plasma or flowing afterglow was not in
contact with the medium. Treatments were performed with
the different discharge modes using an applied power of
0 W to 35 W at the generator and a gas flow of 0.6 l min−1

to 4.3 l min−1, for a duration of 5 s to 300 s. After plasma
treatment, for which the temperature of the medium is
always found below 37 ◦C, cells were collected and seeded
in multi-well plates for either proliferation or cell death
assays, or prepared a for a DNA damage assay. The same
plasma conditions and procedures were used to produce
plasma treated medium (PTM), but in this case, cells are not
present in the microtube during the treatment but are rather
seeded in the multi-well plate after collecting PTM from the
microtube.

2.2.2 Proliferation assay

Approximately within 1 h after plasma treatment, cells were
seeded into 24-well plates and allowed to recover and prolif-
erate over a period of 6 d. During this proliferation period,
cells were maintained in 500 µl of medium per well. Only
20% of this medium was carried from the treated microtube.
Subsequently, the recovered cells were fixed and stained
in 10% methanol solution containing 0.5% Crystal Violet.
Staining with CellTag 700 (LI-COR) allows quantification
using the Odyssey imaging system (LI-COR Biotechnology).
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2.2.3 Cell death measurement by propidium iodide uptake
Approximately within 1 h after plasma treatment, cells were
seeded into multi-well plates and 1 µg ml−1 of propidium
iodide (PI) were added to each well. Cells were allowed to
recover and proliferate over a time period of 6 d, while being
monitored by live-cell fluorescence microscopy (IncuCyte
S3 Live-Cell Analysis System). Frames were captured at
4 h intervals using a 10x objective. The percentage of PI-
positive cells was calculated from the number of PI-positive
cells on the total number of cells (via the count of H2B-GFP
positive nuclei) using the IncuCyteTM S3 software. During
the incubation period, cells were maintained in 500 µl of
medium per well. Only 20% of this medium was carried
from the treated microtube.

2.2.4 DNA damage assay
DNA damages (mostly double strand breaks) are investi-
gated using the neutral single cell gel electrophoresis assay
(comet assay). The neutral comet assay was performed
according to the manufacturer’s protocol and reagent kit
(Trevigen, 4250-050-K). In brief, after plasma treatment, cells
were resuspended in phosphate-buffered saline (PBS) and
mixed with low melting point agarose. The cell-containing
agarose was then pipetted onto microscope slides and incu-
bated with a lysis buffer overnight at 4 ◦C. The next day, the
slides were removed from the lysis buffer and immersed
in neutral electrophoresis buffer. Electrophoresis was then
performed at 21 V, during 25 min. After ethanol cleaning
and drying of the slides, staining with SYTOX Green Nucleic
Acid Stain (Invitrogen) was performed. Images were ac-
quired by fluorescence microscopy (Zeiss, AxioObserver Z1)
with a 10x objective using the AxioVision (Zeiss) software.
The percentage of DNA in the tail and the tail moment were
obtained using the OpenComet ImageJ plugin [12]. Positive
control for DNA damages were obtained by treating the
cells with radiation therapy. Cell suspensions were exposed
to 8 Gy of γ irradiation with the help of a Caesium-137
source (Best Theratronics, Gammacell 3000 Elan), using the
same vessel and preparation method as for the plasma
treatment.

2.2.5 H2O2 and pH quantification
The production of H2O2 by the interaction of the plasma
effluent with DMEM was investigated using the PierceTM

Quantitative Peroxide Assay Kit, Aqueous-Compatible For-
mulation (Thermo Scientific). Additionally, pH variations
of the culture medium after exposure to plasma were
measured using a pH meter (FiveEasy F20-Std-Kit, Mettler
Toledo). For these measurements, DMEM culture medium
microtubes were prepared and treated using the same pro-
cedure as for the proliferation assay. No cell suspension
was present during the treatments. H2O2 and pH were then
obtained following the manufacturer’s instructions.

3 CHARACTERIZATION OF THE DISCHARGE
MODES

In order to determine the influence of plasma on cancer
cells, some basic plasma properties are first investigated.
The nature of the discharge is identified with the help of

spectrally integrated light emission, and the plasma and
electron energy are investigated with the help of emission
spectroscopy.

3.1 Discharge modes

In order to observe the different discharge modes, the light
distribution between the electrodes is measured with the
help of a CCD camera. Discharge pictures are shown in
Fig. 2(a) to (c), where the distribution of light emission is
superimposed on a sketch of the electrodes and dielectric.

Fig. 2. Three discharge modes sustainable using the convertible plasma
jet. (a) to (c) Digital photograph of the cross section (front view), showing
the light distribution between the electrodes superimposed on a sketch
of the electrodes and dielectric. (d) to (f) Digital photograph of the light
emission exiting the nozzle (side view). (g) to (i) Sketch of the light
emission inside and outside the nozzle showing the last 3 mm of the
nozzle. The CCD exposure is 67 ms in (a), 2.5 ms in (b) and (c) and
769 ms in (d),(e) and (f).

In Fig. 2(a), helium is flowing at a rate of 4.3 l min−1

in the annular region between the dielectric and the high-
voltage electrode. No gas is injected through the high-
voltage tube electrode, but a previous helium purge and
the surrounding helium flow prevent air from accessing this
region. The power applied at the generator is 10 W. Based
on electrical measurements, the plasma power density is
estimated at ∼ 7 W cm−3 (assuming a discharge volume
defined by the annular gap and the length of the ground
electrode). At such a reduced power, the light intensity is
relatively low and uniform between the electrodes (in the ra-
dial direction). This is typical of an atmospheric pressure RF
discharge with a gas gap of about 1 mm [13]. This discharge
mode is usually referred to as the Ω mode (sometimes α
mode) [14], [15].

In Fig. 2(b), helium is flowing at a rate of 4.3 l min−1 in
the annular gap (exactly as for the Ω mode) but a power
of 20 W is applied at the generator. Based on electrical
measurements, the plasma power density is estimated at
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∼ 23 W cm−3 (assuming a discharge volume defined by
the annular gap and the length of the ground electrode).
In this case, the light intensity distribution is non-uniform
between the dielectric barrier and the high-voltage electrode
(in the radial direction), with hot spots localized on the high-
voltage electrode. Near the high-voltage electrode, the light
intensity can be one order of magnitude higher than in the
bulk of the discharge. In fact, this behaviour is typical of RF
discharge at atmospheric pressure in the γ mode [14], [16].
In the present situation, the facts that only one dielectric
barrier is present between the electrodes (on the ground
electrode) [17] and that the radius of the high-voltage elec-
trode is small (slight deviation from the uniform electric
field produced in plane-to-plane configuration) favour the
discharge in the γ mode to exhibit hot spots on the high-
voltage electrode.

In Fig. 2(c), helium is flowing at a rate of 0.6 l min−1

through the high-voltage electrode and a power of 35 W is
applied at the generator. No helium is injected in the annular
gap, thus allowing air to fill this space. Consequently, as a
helium channel is streaming out of the nozzle, a plasma is
ignited in the region located at the tip of the high-voltage
electrode. Due to the breakdown voltage that is much higher
in air than in helium [18], no plasma is ignited in the annular
gap. This results in a plasma that is completely different
from the previously reported Ω and γ modes. Contrary to
the Ω and γ mode, the plasma itself is allowed to exit the
nozzle (see [Fig. 2(f)]) and is therefore referred to as the
jet mode. Current and voltage measurements could not be
performed on this mode, but based on radiometric com-
parison to the Ω and γ modes, the plasma power density is
estimated in the order of 100 W cm−3 (assuming a discharge
volume defined by the inner diameter of the high-voltage
electrode and the length of the visible emission).

Even if these three discharge modes are all generated by
an electric field oscillating at 13.56 MHz, the nature of the
discharge and its geometry leads to very different schemes
with respect to the potential application to living tissues. In
fact, these discharge modes lead to a very different situation
for a biological target located a few millimetres away from
the exit nozzle.

1) In the Ω mode [Fig. 2(d)], no visible emission is ob-
served. This suggests that only non-emitting long-
lived gas phase species (such as O, O2(a1∆g), O3
N2O, etc.) can interact with the biological target.
The treatment then necessarily occurs in the plasma
effluent [19], [20].

2) In the γ mode [Fig. 2(e)], a visible flowing afterglow
[21] is found at the exit of the nozzle. In such a
situation, only a limited number of electrons, ions,
and other short-lived species [22], [23] are present
in the interaction zone with the biological target.
The treatment could then occur within the flowing
afterglow or in the plasma effluent.

3) In the jet mode [Fig. 2(f)], as supported by the in-
tense light emission, the plasma itself exits the noz-
zle. In this case, all the components of the plasma
(electric field, charged particles, reactive species)
could potentially interact with a biological target.
In other words, depending on the selected distance

between the tip of the nozzle and the biological
target, the treatment could occur within the plasma
itself or in its effluent [24].

Let us note that in this work, the treatment of cancer
cells is selected to always occur in the effluent in all three
discharge modes, as neither the cells nor the culture medium
containing the cell suspension is in visible contact with the
plasma or the flowing afterglow.

Fig. 2(g) to (i) illustrate sketches of the plasma at the
end of the nozzle (the last 3 mm of the nozzle). From these
sketches, it is clear that in the Ω mode the plasma is confined
in the annular region between the dielectric and the high-
voltage electrode. However, in the jet mode, the plasma
is not ignited in the same region and expands outside the
nozzle, allowing it to interact with the biological target.
With its flowing afterglow, the γ mode lies somewhere in
between, as most of the plasma power density is consumed
within the annular gap, but the plasma excitation zone is
slightly extended outside of the nozzle. The treatment area
is also highly dependent on the discharge mode as the
diameter of the plasma-forming region is up to 7.1 mm2 in
the Ω and γ modes, while it is of maximum 0.8 mm2 in the
jet mode. For the remaining of this work, the applied power,
helium flow, and gas injection configuration are fixed for
each discharge mode. This is summarized in Table 1.

Ω mode γ mode Jet mode

Gas (ground electrode) He flow He flow Ambient air
Gas (HV electrode) He He He flow
He flow 4.3 l min−1 4.3 l min−1 0.6 l min−1

Applied power 10 W 20 W 35 W

TABLE 1
Summary of the experimental parameters fixed in this work so that the
three discharge modes can be compared. In the Ω and the γ modes,
the helium in the high-voltage electrode is assumed to be confined

within the electrode but no flow is applied.

3.2 Optical emission spectroscopy
In order to compare the discharge modes, optical emission
spectra are recorded. This is performed by placing the tip
of the optical fibre 1 cm away in front of the nozzle (i.e. in
the invisible effluent zone for all discharge modes). In this
manner, the recorded light emission is integrated over the
complete gas flow axis and represents the plasma emission
itself in any discharge mode.

Fig. 3(a) displays the spectrum of the Ω mode for which
the dominant emission is the OH(A2Σ+→X2Π) (band head
near 306 nm) molecular band often present in non-thermal
atmospheric pressure discharge in contact with humid air
environment [10], [25]. Other optical emission features typ-
ically present in atmospheric pressure helium plasma in
contact with ambient air are the O(3 5P→3 5S) (centre wave-
length at 777.5 nm) and the H(3 2P→2 2S) (centre wave-
length at 656.2 nm) atomic lines. The He(3 3S→2 3P) (centre
wavelength at 706.5 nm) atomic line is also an important
emission, but other helium lines are barely visible. Over-
all, this spectrum is typical of non-thermal atmospheric-
pressure helium discharges with traces of ambient air [10].
In Fig. 3(b), the spectrum of the γ mode is shown. In
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Fig. 3. Optical emission spectroscopy of the different discharge modes.
The light emission is integrated over the complete plasma volume.
The discharge is in (a) the Ω mode (exposure 90 ms), (b) the γ mode
(exposure 3 ms), and (c) the jet mode (exposure 15 ms).

this case, the same emission species are present in the
spectrum but the He (706.5 nm) becomes dominant over
the trace impurities. Other typical helium lines of non-
thermal atmospheric-pressure helium discharge becomes
clearly visible, namely the He(3 3D→2 3P) (centre wave-
length at 587.6 nm), the He(3 1D→2 1P) (centre wavelength
at 667.8 nm) and the He(3 1S→2 1P) (centre wavelength at
728.1 nm). The overall intensity of the emissions in the γ
mode compared to the Ω mode is in good agreement with
the higher power density of the plasma, indicating that the
electron energy and density are higher in the γ mode [26].
At last, Fig. 3(c) shows the spectrum of the jet mode. In
this mode, as helium is only flowing in the high-voltage
electrode and ambient air fills the annular space between the
dielectric barrier and the high-voltage electrode, the plasma
is surrounded by air. Hence, mixing with ambient air is
much more important in the jet mode than in other modes.
As a consequence, nitrogen molecular bands are much more
intense. In fact, N2(C2Πu→B3Πg) (second positive system)
and N +

2 (B2Σ +
u →X2Σ +

g ) (first negative system) become the
dominant emissions.

As the plasma volume and amount of ambient air
mixing changes significantly according to the discharge
mode, absolute emission intensity is not a suitable pa-
rameter to compare the discharge modes. To mitigate
the dissimilarities between the discharge modes, line
ratios can be considered. In non-thermal atmospheric-
pressure helium discharges, He(3 3D→2 3P)/He(3 3S→2 3P)
and He(3 1D→2 1P)/He(3 1S→2 1P) are considered to be

good indicators of electron energy [27]. To investigate how
the discharge mode affects the electron energy and eventu-
ally the reactive species production, helium line ratios are
displayed in Table 2.

Ω mode γ mode Jet mode

He(3 3D→2 3P)

He(3 3S→2 3P)
0.03 0.10 0.15

He(3 1D→2 1P)

He(3 1S→2 1P)
0.6 1.6 2.0

TABLE 2
Helium line ratios as an indicator of the electron energy in non-thermal

atmospheric-pressure helium discharges.

From Table 2, it is clear that both ratios increase from
the Ω, to the γ and to the jet mode, which suggests that the
electron energy also increases. In terms of plasma chemistry,
higher electron energy can be interpreted as more electrons
possessing enough energy to produce a given chemical reac-
tion. Let us note that the helium line ratios (and the electron
energy) also vary slightly as a function of the plasma power
within the γ and jet modes.

4 CANCER CELLS RESPONSE TO PLASMA

Using the three modes described in section 3, the potential
anti-cancer effect of plasma is evaluated using different
biological assays.

4.1 Cell proliferation after plasma exposure

It is expected that an efficient anti-cancer treatment should
lead to the death of cancer cells. However, owing to the
variety of cell death and appropriate biological markers
to assess and classify it [28], it is usually recognized that
the best way to quantify the cytotoxic effect of a treatment
is based on the ability of the cells to proliferate after the
treatment [29]. The proliferative capacity of the cells is
shown in Fig. 4, where the cells were allowed to grow for
6 d after plasma exposure using different treatment times
and discharge modes.

Fig. 4(a) shows representative images of the normalized
MDA-MB-231 cancer cell number 6 d after treatment in the
Ω mode. It is clear that untreated and gas flow treated cells
(labelled as control and gas control) were able to colonize the
well almost up to full confluence. However, as the duration
of plasma treatment increases, the proliferative capacity of
the cells decreases drastically. In Fig. 4(b), the number of
cells normalized to the control as a function of treatment
time is shown for the three discharge modes. After the
proliferation period of 6 d, all three discharge modes can
reduce the number of cells below 20% in comparison to
the control. Even if this reduction of proliferation can reach
the same level with all three discharge modes, the Ω mode
requires longer treatment time than the γ mode, and much
longer than the jet mode. With the jet mode, treatment time
can be as low as 10 s, while in the Ω mode, several minutes
are required to reach a similar anti-proliferative effect.
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Fig. 4. Cell proliferation 6 d after plasma treatment. Different treatment
times are presented for each mode (1 min, 2 min, 3 min, 4 min and
5 min for the Ω mode, 60 s, 90 s, 120 s, 150 s and 180 s for the γ mode
and 5 s, 10 s, 15 s, 20 s and 25 s for the jet mode). (a) Example image of
MDA-MB-231 culture stained with CellTag 700 for treatments in the Ω
mode (all cells are marked in red). (b) Cell number (normalized to the
control) as a function of exposure to plasma. Error bars represent the
standard deviation on at least n = 3 independent experiments. Statisti-
cal significance given by t-test with *= p < 0.05 and **= p < 0.01.

4.2 Cell death dynamics
Even if the anti-proliferative capacity of plasma treatments
could be assessed in section 4.1, results of Fig. 4 do not allow
the investigation of the fate of individual cells after plasma
exposure. To do so, cells are marked with PI after plasma
treatment and then followed using live-cell fluorescence
microscopy. The time evolution of the total number of cells
and the percentage of cells marked with PI are shown in Fig.
5.

The total number of cells after exposure to different
plasma treatments is shown in Fig. 5(a). In the control
group, the cell count increases exponentially, indicating a
normal proliferative capacity. However, all discharge modes
presented in Fig. 5(a) show a completely different portrait
than the control after a few days of incubation. The low
total number of cells indicates that treated cells exhibit an
impaired proliferation (confirming the results of Fig. 4).
Fig. 5(b) presents the percentage of cells marked with PI
as a function of time after the treatment. During the first
day, almost no PI uptake is observed, indicating that cell
membranes are not directly damaged by plasma. After 48 h,
the percentage of PI-positive cells increases significantly for
all discharge modes. The percentage of PI-positive cells does
not rise above 60% because an important number of dead
cells eventually detach from the well plate and no longer
count as PI-positive.

Further insights in the cell death dynamics can be ob-
tained by following the evolution of single cells by live-cell
fluorescence microscopy. This is shown in Fig. 6 where a
few cells were monitored after a treatment of 120 s in the
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Fig. 5. Live-cell fluorescence microscopy of GFP fusion MDA-MB-231
marked with propidium iodide (PI). (a) Number of cells marked with
GFP as a function fo time after plasma treatment in different conditions.
(b) Percentage of PI positive cells as a function of time after plasma
treatment for the different conditions. The conditions are: Ω mode for
300 s, γ mode for 180 s, jet mode for 25 s and gas control for 300 s. Error
bars represent the standard deviation on at least n = 3 independent
experiments.

γ mode. In the control case [Fig. 6(f) to (j)], cells have a
morphology typical of MDA-MB-231 and are proliferating
normally. However, the cells that were exposed to the
plasma treatment exhibit a completely different dynamics.
Early after the treatment [Fig. 6(a)], it is clear that most cells
are intact and morphologically similar to those present in
the control group. Between 24 h and 60 h, cells seem to be

Fig. 6. Live-cell fluorescence microscopy of GFP fusion MDA-MB-231
marked with propidium iodide (PI) recorded at different times after
treatment. In the γ mode for 120 s at (a) 12 h, (b) 36 h, (c) 60 h, (d) 72 h
and (e) 132 h after the treatment. In the control group at (f) 12 h, (g) 24 h,
(h) 36 h, (i) 48 h and (j) 72 h.
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attempting to divide and their cytoplasm tends to shrink.
Only a few cells exhibit a PI uptake during this period.
Finally, after 60 h most cells are marked with PI and some
show fragmentation, likely a consequence of the formation
of apoptotic bodies. It is worthy of note that the behaviour
observed for the γ mode is representative of those observed
using the Ω and the jet modes (data not shown).

4.3 Plasma-induced DNA damages

In order to identify potential DNA damages (mostly double
strand breaks [30]) by plasma treatments, a comet assay was
performed within 1 h of plasma exposure. The results are
shown in Fig. 7. Subfigures (a), (b) and (c) display examples
of comets for control (no treatment), plasma treated (300 s
of Ω mode) and positive control (8 Gy). These images are
typical of the neutral comet assay, for which DNA migration
tails are smaller than for the alkaline comet assay [31]. In
the control image, almost 100% of the DNA is found to be
located in the comet head, while in the plasma and positive
control cases, a significant portion of the DNA is found
in the comet tail. In agreement with previously reported
plasma cancer treatment experiments [32], the comet assay
highlights the fact that plasma induces DNA damages to
cancer cells.

Fig. 7(d) shows an example of a box-and-whisker plot
of the percentage of DNA in the tail for different discharge
modes after a single experiment. In this figure, the baseline
level of DNA damage (median of the percentage of the
DNA in the tail) is between 10% and 15% for the control
and the gas flow control. This is typical of cancer cells
[33], as they already encompass a significant amount of
baseline DNA damages. Fig. 7(d) also shows that, for all
conditions, the distribution of the percentage of DNA in
the tail is defined by only one population (not necessarily
normally distributed). Finally, Fig. 7(e) shows the mean of
the percentage of DNA in the tail for four independent
experiments (n = 4). It is found that, using any plasma
treatment, the percentage of DNA in the tail reaches a level
similar to the positive control. In fact, no statistically sig-
nificant difference is observed between any discharge mode
and positive control (8 Gy of radiation). In other words, for
a given anti-proliferative effect, all discharge modes can be
considered a DNA damaging agent.

4.4 Comparison of the treatment in suspension with
plasma treated medium

In this work, cells were exposed to plasma in the presence
of culture medium. As a consequence, the anti-cancer effect
of plasma could be secondary to indirect effects from the in-
teraction between the medium and plasma. In other words,
the anti-cancer effect of plasma might be caused by:

1) direct interaction of the gas phase reactive species
with the cells and culture medium (through liquid
phase short-lived species such as OH, H, NO, etc.
[34]) or

2) long-lived liquid phase reactive species resulting
from conversion of short-lived species that accumu-
late in the culture medium over time (such as H2O2,
NO2, H2, etc. [35]).

In the first case, cells actually need to be in contact with the
gas phase effluents, while in the second case, the treatment
is akin to an indirect treatment with PTM. In practice, it is
complex to fully discriminate between these two situations.
Due to the production of long-lived liquid phase reactive
species during the treatment itself, long-lived species always
potentially contribute to the treatment. However, it is possi-
ble to discriminate between :

1) short-term exposure to both short-lived and long-
lived reactive species (suspension) and

2) long-term exposure to long-lived liquid phase reac-
tive species alone (PTM).

To verify that the treatment of cancer cells in suspension
presented above is different from the indirect effects of PTM,
a comparison of the two treatment methods is performed.
This comparison is achieved using the proliferation assay
(as in Fig. 4) with treatments for which cells are present or
absent from the microtubes during plasma exposure. Results
are shown in Fig. 8, where cells in suspension are seeded in
the 24-well plate with 20% of treated medium (same as for
the previous sections) or untreated cells are seeded in the
24-well plate with 20% or 80% of PTM.

First, whether the discharge is in the Ω, the γ or the
jet mode, no statistically significant difference is observed
between the control and the treatment of cells with 20% of
PTM (same concentration as for the direct treatment of cells
in suspension). As previously observed in Fig. 4, the direct
treatment of cells in suspension followed by a proliferation
assay (keeping 20% of the treated medium with the cells)
significantly decreases proliferation (90% less than in the
control). This clearly indicates that the long-term effect of
20% of PTM is not sufficient to provide the observed anti-
proliferation capacity yielded by all discharge modes. In
other words, whether tributary to the short-lived or the
long-lived reactive species, it is the initial short-term RONS
mixture that produces the anti-proliferation capacity in the
treatment and not the long-term exposure of the cells to 20%
of PTM.

Second, Fig. 8 indicates that 80% of PTM is enough to
significantly affect the proliferative capacity of the cells. In
fact, cell proliferation undergoes a decrease as important
as for the treatment in suspension in both Ω and γ modes
for a treatment with 80% of PTM. This suggests that in the
absence of the initial high concentration of short-lived and
long-lived reactive species, long-term exposure to long-lived
reactive species alone can also lead to an anti-proliferative
effect. In all cases, accumulation of H2O2 in the medium is
not expected to contribute to the treatment, as it is always
below detection level (about 1 µM, data not shown). In
addition, no variation of pH (< 0.1) of the medium was
observed after any treatment with respect to the control.

5 DISCUSSION

While plasma treatment of cancer cells in suspension is usu-
ally not the preferred application method, it is an efficient
model to compare the anti-cancer effect of different types
of plasmas or discharge modes [19], [36]. In terms of anti-
proliferative effect, the results shown above are in good
agreement with other treatments by plasma in suspension
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in the literature [19], [37], [38]. On the one hand, using
the effluents of the Ω mode requires a treatment time of
several minutes to produce its anti-proliferative effect. This
is in agreement with its plasma properties that resemble
those of the COST plasma jet [13], [19], [39]. On the other
hand, treating cells in suspension with the effluent of the jet
mode only requires a few seconds to yield the same anti-
proliferative effect. In that case, the plasma properties are
much closer to those of the kINPen plasma jet [36], [38].
Even if the COST and kINPen devices are the most often

used for plasma medical applications, they have very differ-
ent plasma properties. One of the most basic parameters
that differ significantly between these plasma jets is the
electron energy [13], [24]. Electron energy is one of the most
fundamental parameters that can drive the production of
RONS, hence influencing the anti-cancer effect of plasma.

One of the key features of our experiment is that three
discharge modes with different plasma properties are pro-
duced using the same device and are evaluated using the
same experimental procedure. Within the scope of the ex-
periment, it is possible to associate the electron energy of
each discharge mode with the efficacy of the treatment. This
is done in Fig. 9 using the set of data presented in Fig. 4
and the helium line ratios given in Table 2 where the anti-
proliferative effect of the plasma is given as a function of the
mean of the normalized helium line ratios. As reported in
Table 2, the electron energy (assuming the electron energy
is proportional to the helium line ratios) increases from the
Ω to the γ to the jet modes. Normalizing each line ratio
to their value in the jet mode, it is found that the time to
reach 90% of anti-proliferative capacity decreases when line
ratios increase. While this relationship does not provide the
precise reaction pathway from electrons within NTP to the
RONS affecting cells within the medium, this suggests that a
NTP with higher electron energy is more efficient to produce
the RONS that can yield an efficient anti-cancer treatment.

As shown in Fig. 7, all discharge modes were able
to induce DNA damages to MDA-MB-231. As the comet
assay was performed about 1 h after treatment, some of
the observed DNA damages could eventually be repaired
over the course of time. Accordingly, the extent of the
observed DNA damages cannot be directly linked to the
fate of the cells. However, the amount of DNA damages
measured by the neutral comet assay immediately after
exposure to radiation therapy can be considered as a relative
indicator of radiosensitivity [41]. In our experiment, the
same amount of DNA damages is observed using any dis-
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Fig. 9. (a) Dose-response curves using a log-logistic fit [40] on the data
of Fig. 4. The time required to obtain a 90% cell number reduction with
respect to the control is indicated for all discharge mode (filled symbols).
Error bars on the data represent the standard deviation on at least
n = 3 independent experiments. Error bars on the 90% proliferation
reduction represent prediction error on the fit. (b) Relation between
the mean of the normalized helium line ratios (values from Table 2
normalized to the jet mode value for each ratio) and the treatment time
to reduce cell number of 90% with respect to the control. Horizontal
error bars represent the standard deviation over the two line ratios and
vertical error bars represent the prediction error on the log-logistic dose
response fit of data from (a). Statistical significance given by a one-way
ANOVA with p < 0.05.

charge mode (at a dose for which proliferation is similarly
affected) or positive control (8 Gy of radiation therapy).
Despite the generally accepted difference in the underlying
physical mechanisms leading to cell death by plasma and
radiation therapy (exogenous production of extracellular
vs. intracellular RONS [42]), in the present experimental
setup, it is possible that irradiation of cells in suspension
with high energy photons (Caesium-137) relies on the same
mechanisms as plasma treatment. As most of the irradi-
ated volume (> 99%) is occupied by culture medium, the
principal effect of radiation therapy might be related to
radiation energy deposited within the liquid (as opposed to
within cells). Via the detachment of low energy secondary
electrons [43], irradiation could lead to the production of
extracellular RONS in the medium that eventually penetrate
cells to produce a cytotoxic effect. In such a situation, both
plasma and radiation therapy would rely on the production
of extracellular RONS.

Comparing the treatment of MDA-MB-231 cells in sus-
pension with PTM, Fig. 8 showed that direct treatment is
much more cytotoxic than PTM. This could be explained
by the very low concentration of H2O2 observed in the
treated medium (< 1 µM). H2O2 is likely rapidly scav-
enged by pyruvate in the culture medium [44], [45], [46],
disabling it from having any long-term effect on the cells.

Since H2O2 is considered one of the main plasma derived
components causing biological effects [35], it can be ex-
pected that, whether applied directly or indirectly, plasma
should yield similar cytotoxic effect when H2O2 is allowed
to accumulate in the medium containing the cells [47], [48].
As in the present work direct plasma and PTM have very
different cytotoxicity, a more complex dynamic of the RONS
interaction with the cells is expected. Another interesting
feature of Fig. 8 is that PTM produced by the jet mode is
less efficient at reducing cell proliferation than the PTM
produced by the γ and Ω modes. This highlights the po-
tential variability between the different discharge modes.
This feature suggests that the jet mode is more efficient at
producing short-lived reactive species, while the Ω and γ
modes are more efficient at producing long-lived reactive
species. These elements could be correlated to the treatment
time, that is much longer with the latter modes than with
the jet mode.

Even if the nature of cell death is a complex matter to
settle, the facts that (1) plasma treatment immediately affects
cell proliferation (Fig. 4), and that (2) cells are gradually
driven to undergo cell death (Fig. 5 and Fig. 6), strongly
indicate a form of regulated cell death (RCD). In addi-
tion, observation of significant DNA damages shortly after
treatment (Fig. 7) suggests that the dominant form of RDC
could be mitotic death [49]. A possible mechanism would be
that plasma treatment initially causes mitotic catastrophe.
Then, although very low concentration of H2O2 is detected
in our conditions (one of the RONS often recognized to
lead to apoptosis in other plasma treatments [50]), low
concentration of long-lived reactive species could be suffi-
cient to induce mitotic death through intrinsic apoptosis.
It is also possible that, due to the complex combination of
extracellular RONS produced by the plasma [51], [52], more
than one form of RCD occurs after plasma exposure. Further
investigation is needed to clarify the ongoing form of RCD
induced by our plasma treatments and method.

6 CONCLUSION

A convertible plasma jet device was designed to produce
three different discharge modes. Feeding the device with
a 13.56 MHz radio-frequency excitation waveform and he-
lium gas flow, the Ω and γ modes of the atmospheric-
pressure CCRF discharge were obtained. Additionally, a RF
plasma jet could also be obtained only by changing the
helium injection pattern. The cytotoxicity of the three dis-
charge modes was then investigated on MDA-MB-231 triple
negative breast cancer cell line. Treatments were performed
with cells in suspension within DMEM culture medium, and
only the gas phase effluent was put in contact with the cell-
containing culture medium. The treatment time of the dif-
ferent discharge modes to reach the same anti-proliferative
effect was found to vary significantly from one mode to the
other, the jet mode requiring less time than the other modes.
A comparison of helium optical emission lines ratios in each
discharge mode suggests a potential relationship between
the electron energy within the plasma and the efficacy of
the treatment (time required to reach similar cytotoxic effect
on cancer cells). Using a treatment time that leads to an
equivalent anti-proliferative effect in each discharge mode



IEEE TRANSACTIONS ON RADIATION AND PLASMA MEDICAL SCIENCES, VOL. X, NO. X, MONTH YEAR 10

was also found to induce a similar dynamic of cell death and
an equivalent quantity of DNA damages, suggesting that
all discharge mode lead to a similar form of regulated cell
death. Finally, as the cytotoxicity of direct plasma treatment
was found to be different from the one of plasma treated
medium, the mechanism leading to cell death is expected
to rely on the gas phase or liquid phase short-lived RONS.
Further investigations need to be performed to clarify the
nature of the cell behaviour and death after plasma expo-
sure.
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[50] S. Bekeschus, C. S. Schütz, F. Nießner, K. Wende, K.-D. Weltmann,
N. Gelbrich, T. von Woedtke, A. Schmidt, and M. B. Stope,
“Elevated h2ax phosphorylation observed with kinpen plasma
treatment is not caused by ros-mediated dna damage but is
the consequence of apoptosis,” Oxidative Medicine and Cellular
Longevity, vol. 2019, 2019.

[51] S. Mitra, L. N. Nguyen, M. Akter, G. Park, E. H. Choi, and N. K.
Kaushik, “Impact of ros generated by chemical, physical, and
plasma techniques on cancer attenuation,” Cancers, vol. 11, no. 7,
2019.

[52] F. Weinberg, N. Ramnath, and D. Nagrath, “Reactive oxygen
species in the tumor microenvironment: An overview,” Cancers,
vol. 11, no. 8, 2019.


