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CHANGES IN OXYGEN LEVEL UPON COLD PLASMA TREATMENTS:
CONSEQUENCES FOR RONS PRODUCTION

Giovanni Busco®®, Fabienne Fasanit, Sébastien Dozias?, Loick Ridou?, Claire Douat?, Jean-Michel Pouvesle?, Eric

Robert?, and Catherine Grillon!

Abstract— Despite the large number of papers showing the
biological effect of Cold Atmospheric Plasmas (CAPs) on skin
treatment and although their ability to produce a cocktail of
reactive oxygen and nitrogen species is largely known, the deep
knowledge of these ionized gas sources is far to be uncovered.
Many parameters take part in the complex mechanisms induced
by plasma, such as voltage, frequency, feeding gas flow rate,
temperature, air humidity and atmospheric gas composition. In
this work we focus our attention on the influence of oxygen
dissolved in the medium in reactive oxygen and nitrogen species
(RONS) generation during CAP treatment. We evaluate RONS
production in Dulbecco’s Phosphate-Buffered Saline equilibrated
with two different percentages of oxygen: 18% and 3% O2. The
former oxygen concentration is that usually used in most of cell
culture and treatment (normoxia) while the latter is close to the
physiological level measured inside human skin (physioxia).
Intracellular RONS generation upon CAP treatment was also
measured in two human skin cell lines maintained either in
normoxic or in physioxic conditions. Our data suggest that RONS
generation induced by plasma either in the medium or inside cells
is influenced by oxygen dissolved in the treated target.

Index Terms— Non-equilibrium plasma sources, Plasma-liquid
interactions, Plasma-cell interactions, Oxygen, RONS.

. INTRODUCTION

HE different cell types composing human body, with their

heterogeneous metabolism and blood supply, create a

microenvironment that is characteristic of each tissue.
Chemical and physical extracellular parameters act together to
create a unique, organ-specific, physiological condition.
Among the factors influencing the extracellular
microenvironment, oxygen plays a relevant role. Its local partial
pressure is a typical signature that varies from one tissue to
another. Organ physiological oxygenation is called physioxia
and ranges between 14.5% in pulmonary alveoli and

This work was supported by Cosmetosciences, a global training and
research program dedicated to the cosmetic industry. Located in the heart of the
Cosmetic Valley, this program led by University of Orléans is funded by the
Région Centre-Val de Loire, France.

*Giovanni Busco postdoc fellow at the Centre de Biophysique Moleculaire,
UPR4301 CNRS, rue Charles Sadron, 45071 Orléans, FRANCE (e-mail:

1% in hair follicles [1]. However, in vitro cell cultures are
currently performed in classic incubator under atmospheric
oxygen pressure conditions (37°C, 5% CO; and 95% of air, i.e.
18-19% O,). This gas level is far from the physiological
oxygenation of any human tissue and this has consequences on
cell activities [1-3]. Attempts have to be done to respect tissue
physioxia in vitro, especially to avoid excess of oxidative stress.
In fact, although oxygen is of vital importance for aerobic
organisms, it possesses a dark side. During mitochondrial
respiration, thanks to oxygen, cells produce and store energy in
one hand and create toxic catabolites in the other hand. The
oxygen derived catabolites are called Reactive Oxygen Species
(ROS). Despite their well-known toxicity when produced in
high level, ROS also display beneficial effects protecting cells
from pathogens or activating signaling pathways [4-6]. In
physiological conditions, ROS are kept at the right amount by
the cellular antioxidant system. When ROS production
overcomes the anti-oxidant defenses, it induces an oxidative
stress that can lead to pathological effects on the organism [4,
7-9]. Cold atmospheric plasma (CAP) is known to generate
reactive oxygen and nitrogen species (RONS). Depending on
the treated cell type and on the treatment conditions, plasma-
delivered reactive species can generate opposite effect:
stimulate normal cell growth or induce apoptosis in tumor cells
[10-12]. Atthe-melecularlevel, RONS are generated by plasma
directly inside the ionized gas but also by interactions with the
liquid with which it comes in contact [13]. Despite the well-
known importance of oxygen in RONS production, the role of
oxygen partial pressure in the medium or in in vitro cell culture
has almost not been taken into account in the study of CAP
mechanisms and its biological effects [14]. Here we show the
effect of our He-Plasma Gun on dissolved oxygen in a treated
Dulbecco’s Phosphate-Buffered Saline (DPBS), on ROS and
nitrite generation in the medium and finally on intracellular
RONS generation in two human skin cell lines maintained in an
atmosphere containing either 18% or 3% O..

Il. MATERIALS AND METHODS

Materials
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2°,7 -dichlorodihydrofluorescein diacetate (DCDHF-DA) was
from Molecular Probes® (Thermo Fisher Scientific).
Dulbecco’s Phosphate-Buffered Saline (DPBS) (GIBCO®)
was supplemented with 1mM CaCl, and 0.5mM MgCl,. N-(1-
Naphthyl)  ethylene-diamine  dihydrochloride  (NEDD),
sulfanilamide and methylene blue were purchased from
SIGMA Aldrich.

Plasma Gun device and treatment

The plasma jet used in this work is delivered by the so-called
Plasma Gun (PG) [15]. The plasma is generated in a dielectric
barrier discharge reactor based on a glass tube, 4 mm inner
diameter, flushed with a moderate rare gas flow, and equipped
with an inner hollowed powered electrode and an outer
grounded annular electrode. lonization wave allows for plasma
propagation in the capillary, 10 cm in length in this work, before
expansion in the ambient air where plasma plume emerges at
the capillary outlet. The glass tube inner diameter is tapered to
1.5 mm in the 2 cm wide section at the outlet of the capillary.
In this work, negative polarity high voltage pulses having a
peak amplitude of -14 kV, full with half maximum 2 pus
duration, and delivered at frequency ranging from 250 Hz to 2
kHz have been used, while helium gas flow rate was set either
at 0.5 or 1 L/min. Plasma treatments were performed for 60
seconds.

Oxygen partial pressure and temperature measurements

Oxygen partial pressure (pO,) and temperature variations in
DPBS were measured during plasma treatment by a calibrated
OxyL ite fiber optic sensor coupled with a T-type thermocouple
(OxyLite™ probe, pO,—Series Sensor, BF/OT/E, Oxford
Optronix Ltd., Oxford, U.K.). The oxygen sensor is based on
the ruthenium fluorescence lifetime decay, which is inversely
proportional to the pO dissolved in the medium. In order to
measure pO and temperature, the probe was inserted inside a
micro-well of a 96 well plate containing 200 pL of DPBS
equilibrated at 18% or 3% O, (Fig. 1a). The microwell plate
was placed inside a plate heater set at 37°C. Room temperature
was between 22 and 24°C. Data were recorded by the
OxyLite™ 2000E pO; (Oxford Optronix Ltd).

Cell culture

HaCaT cell line comes by spontaneously immortalized human
keratinocytes [16] . MSU 1.1 cell line was obtained by v-myc
oncogene transformation of foreskin fibroblast [17]. HaCaT
and MSU 1.1 were cultured at 37°C in an incubator with 5%
CO; and 95% air atmosphere (18% O,) or inside the
HypOxystation incubator (HypOxystation® H35, Don Whitley
Scientific) at 37°C in a 5% COj 3% O, and 92 % N
atmosphere). All cells were cultured in high glucose DMEM
supplemented with 10% of fetal bovine serum (FBS), 100
U/mL-100pg/mL of penicillin-streptomycin (Invitrogen) and 2
mM of L-Glutamine (Eurobio).

Measurement of nitrites by Griess test

200 pl of DPBS previously equilibrated at 18% or 3% O, were
treated by CAP in a 96-well microplate. Low oxygen
concentration in DPBS (3%) was maintained by means of
micro-caps placed on each well, caps were removed for the
treatment and immediately replaced. Experiments with air-
bubbled DPBS were carried out using a peristaltic pump
delivering air (0.24 mL/min) inside the micro-wells during the
whole treatment by means of a capillary tube. After treatment,
40 pl of medium from each well were transferred in a new 96-
well microplate and 80 pl of sulfanilamide 3 mM solution and
80 ul of NEDD 0.2 mM were added to each well to start the
reaction. NaNO, standard solutions were used to make a
calibration curve. After 10 min of incubation, absorbance of the
pink color developed in the presence of nitrites was measured
at 560 nm with a microplate reader spectrofluorometer (Victor?
V, PerkinElmer®).

Reactive oxygen species measurement

Reactive oxygen species formation such as Oz, O,~, 0,* and
‘OH were measured by methylene blue discoloration. 200 ul of
DPBS solution containing 0.01 g/L of methylene blue and
previously equilibrated at 18% or 3% O were submitted to
plasma in a 96-well microplate. Absorbance was read at 664 nm
with the microplate reader spectrofluorometer. As ROS
production is inversely proportional to methylene blue
absorbance, arbitrary relative values were calculated as OD not
treated /OD treated.

Measurement of RONS inside cells

Intracellular RONS formation upon plasma treatment was
measured by the DCDHF-DA probe. The molecule penetrates
cell membranes and is hydrolyzed by cell esterases to 2°,7"-
dichlorodihydrofluorescein (DCDHF) and then oxidized by
intracellular RONS to give 27,7 -dichlorofluorescein (DCF), a
highly fluorescent compound.

Cells (1.5x10%well) were seeded in 96-well microplates and
placed in the incubator at 18% or 3% O, for 15 h. The day after,
cells were washed with DPBS and then incubated with
DCDHF-DA 10 uM in DPBS for 20 minutes at 37°C in 18% or
3% Oy. Cells were washed twice with DPBS to remove the
excess of extracellular probe. Each well was filled with 200 pl
of DPBS previously equilibrated at the corresponding oxygen
condition. Cells cultivated in physioxia were kept in low
oxygen condition during treatment by capping each well with
micro-caps, each micro-cap was removed for plasma treatment
and immediately replaced. During all the treatment, the
microwell plate was maintained at 37°C by a plate heater. After
the treatment, intracellular fluorescence induced by RONS was
measured with the microplate reader spectrofluorometer
(excitation at 490 nm; emission at 535 nm).

Data analysis and statistics
One-way ANOVA and two-way ANOVA with Bonferroni’s

multiple comparison tests for the two oxygenation conditions
were performed with GraphPad Prism 6.
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I1l. RESULTS

To evaluate the effect of CAP on oxygen dissolved in a liquid
medium and on temperature, air-equilibrated DPBS, kept warm
by a plate heater set to 37°C, was treated at a frequency of 1
kHz with two different He flows: 0.5 L/min and 1 L/min (Fig.
1a). A typical experiment displaying the evolution of pO, and
temperature in DPBS before, during and after plasma treatment
is shown in Figure 1b. Oxygen partial pressure decreases
rapidly in the first seconds of treatment. The minimum reached
at the end of the treatment remains stable for few seconds before
recovering rapidly. Air-saturated DPBS (18% O.) shows a pO.
between 150 and 200 mmHg (19.7-26% O,) meaning that the
ruthenium probe is oxygen saturated. Plasma treatment results
in a rapid drop of pO; to around 30 mm Hg with 0.5 L/min He
and to 25 mm Hg with 1.0 L/min He, which corresponds to 3
and 2.5% of oxygen, respectively. A drop to 2% and 1% O is
observed when DPBS is treated by He alone at 0.5 L/min and
1.0 L/min, respectively (Fig. 1c).

Temperature also falls down during treatment with a speed rate
not easy to measure due to the electromagnetic perturbation of
the thermocouple signal during plasma operation. The final
temperature value is clearly visible at the end when plasma is
turned off. Plasma treatment with the two He flow rates has a
cooling effect on DPBS leading the temperature to fall from
27°C to around 20-23 °C. Helium gas alone is able to cool down
DPBS to 20°C at 0.5 L/min and to 15°C at 1 L/min (Fig. 1d).
At the end of the treatment, DPBS temperature recovers slowly
although the 96-well microplate is placed on a plate heater. The
measured slow increase of temperature can be mainly attributed
to the slow equilibrium dynamic between the small well volume
and the plate heater separated by an air layer and also to the
thermocouple thermal inertia [18]. We measured the ability of
plasma to generate RONS in DPBS under 18% or 3% O using
different frequencies. During plasma treatment we measured a
small evaporation of the DPBS: 7.7 + 1.2 % with a He flow
rate of 1 L/min and 4 + 0.8 % when medium was treated by
plasma 0.5 L/min of helium (data measured at different
frequencies). In order to minimize medium evaporation during
plasma treatment, we chose to feed plasma with a He flow rate
of 0.5 L/min. Nitrite production was measured to evaluate
nitrogen species formation and methylene blue discoloration to
assess oxygen-derived species production. Fig. 2a shows CAP
generated nitrites in DPBS equilibrated with 18% or 3% O,. In
atmospheric oxygen-equilibrated DPBS, nitrite production
gradually increases together with the plasma delivered
frequencies. In DPBS containing low oxygen, nitrite generation
increases also with the frequency but producing significant
smaller nitrite quantity compared to the more oxygenated
DPBS. Methylene blue discoloration test was used to evaluate
oxygen derived radicals formed upon plasma treatment.. The
blue color solution is discolored by oxidation until it becomes
transparent (leuco form). The dye is sensitive to reactive
oxygen species such as Os, O, [19] and it is also used to detect
reactive species with a very short half-life time such as “OH.
[20]. ROS produced in DPBS upon plasma treatment increases
gradually with the applied frequency in DPBS equilibrated with
18% of O,. Treatment of DPBS with lower percentage of
dissolved O, results in a similar increase of ROS for low

frequencies and in a significant decrease compared to the air-
equilibrated DPBS when frequencies higher than 1.0 kHz are
applied (Fig. 2b). In order to exclude the role of UV in "OH
photochemical formation, control experiments were performed
using a MgF, window (supplemental figure S1). To better
understand the role of oxygen in reactive species generation, we
also evaluated the effect of the CAP treatment in DPBS either
air-equilibrated or air-bubbled (0.24 mL/min). After the
treatments, nitrites were measured in both conditions.
Interestingly we found that air introduction in the liquid during
plasma treatment increases nitrite formation (Fig. 3).

To assess the role of oxygen on the treatment of cell cultures by
CAP, we measured intracellular RONS generated in two human
skin cell lines, HaCaT keratinocytes and MSU 1.1 fibroblasts
(Fig. 4 a-b). RONS formation inside cells upon plasma
treatment was measured using the DCDHF-DA probe.
Interestingly we found that, in basal condition, HaCaT and
MSU 1.1 cells grown in 3% O display already a lower level of
intracellular RONS than the same cells raised in 18% O,. For
both cell lines, CAP treatment induced an increase in
intracellular RONS production. The increase of frequency,
between 0.25 kHz and 1.25 kHz, results in a RONS increase,
which is largely higher at 18% O, (about 2-fold at 0.75 kHz for
both cell lines) when compared to 3% O-. For higher frequency
treatments, RONS generation shows a lower increase and the
difference between both oxygen conditions is not significant.

IV. DISCUSSION

Cold atmospheric plasmas with temperatures below 40°C are
well suited for plasma medicine applications [21]. Our plasma
gun showed a cooling effect on treated warm liquids (DPBS).
As noted before, the DPBS temperature drop is bigger with
helium flow alone. The slightly higher temperature obtained (3
to 5 °C) when plasma is "on" is due to the energy transferred
from the plasma to the liquid, which partially compensates the
DPBS cooling due to the gas flow. Oxygen measurement during
CAP treatment showed an outgassing effect of DPBS. Oxygen
content in atmospheric, air-equilibrated DPBS, (18% O) falls
down to around 3% when the liquid is treated for 60 sec at a He
flow rate of 0.5-1.0 L/min. Similar pO. values were measured
using higher frequencies 1.5 kHz and 2 kHz with a flow rate of
0.5 L/min. With a He flow rate of 1 L/min, at the same higher
frequencies, pO2 can drop to 10-15 mm Hg (1.3-2% of O,) (data
not shown). The DPBS de-oxygenation induced by plasma is
lower than the one observed when DPBS is treated with only
helium gas at the same flow rate. CAP mitigation on helium
sparging effect has already been observed by Oh and colleagues
who attribute it to the oxidative species introduced in the
medium by the plasma jet [14]. Using DPBS differently
oxygenated (18% and 3% O,), we evaluated the effect on
RONS production of the CAP treatment using a helium flow
rate of 0.5 L/min and frequencies between 0.25 and 2.0 kHz.
Nitrite increase in DPBS correlates with the increase of the
applied frequency. Plasma treatment on DPBS with a lower
percentage of dissolved oxygen generates a lower quantity of
nitrites compared to DPBS containing 18% O, when treated at
the same frequency. Similar results were found for ROS
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measurement assessed using methylene blue. ROS production
increases proportionally with the applied frequencies in air-
exposed DPBS whereas in 3% pO, medium ROS generation
significantly decreases for frequencies higher than 1.0 kHz. To
explain the decrease of ROS observed at higher frequencies, we
speculate that, during CAP treatment, two opposite effects
occur. In one hand, helium degasses the liquid leading dissolved
oxygen to the surface. In the other hand, the plasma plume
flowing downward creates a drop in pressure on the
surrounding air layer (Venturi effect). This negative pressure
around the plume attracts air from outer layers so that
atmospheric oxygen enters in contact with the plasma plume.
At frequencies up to 1 kHz the Venturi effect counterbalances
the helium sparging effect, ROS are generated from oxygen
coming from the liquid and oxygen coming from the attracted
atmosphere. At higher frequencies plasma increases the helium
flow preventing surrounding air to enter in contact with the
plume, in this case ROS are mainly generated by oxygen
coming from the DPBS. Recently Darny and colleagues have
demonstrated how a negative polarity CAP at 1 kHz generates
a straight and stronger helium flow compared to the flow
observed at lower frequencies [22]. Moreover oxygen was
shown to play a dual role in CAP-induced RONS formation.
Increasing quantities of oxygen (0.1-2%) introduced directly in
the helium feeding gas leads to a proportional decrease of *OH
and nitrites/nitrates production in the plasma [23]. Reuter and
colleagues demonstrated how a nitrogen-oxygen gas curtain
placed around the plasma jet effluent influences nitrite
generation in PBS. A linear increase in nitrites was observed
when they used oxygen up to 50% and a decrease with higher
oxygen percentages [24]. Here, our data suggest that oxygen
dissolved inside the liquid medium can influence RONS
production. The importance of tissue-dissolved oxygen and its
influence on RONS generation and cell response upon plasma
treatment has been already highlighted by Oh and colleagues in
a soft agar skin model or in human skin cells [14, 25].

Although we found evidences of the influence of dissolved
oxygen on reactive species generation, the differences
measured are sometimes low between the two oxygenated
conditions. This is mainly due to the small volume of the treated
medium. Oxygen is in fact rapidly depleted even in DPBS
equilibrated to the atmospheric air (18% O2). To confirm our
hypothesis, we measured nitrites generated during plasma
treatment at three different frequencies, in air-balanced DPBS
(18%) or in DPBS continuously air-bubbled during the
treatment. Plasma plume fed with oxygen coming from the air-
bubbled medium delivers higher quantities of nitrites when
compared to medium only air-equilibrated that is rapidly
depleted of oxygen in the first seconds of plasma treatment (Fig.
3). Oxygen partial pressure is a parameter that should be taken
into account also in cell culture [1]. Oxygen is not only a source
of reactive species during plasma treatment but its partial
pressure can directly affect cell physiology [1, 26]. Our data
showed that human skin cells maintained in physioxic
conditions (3% O2) generate a lower quantity of intracellular
RONS compared to cells grown in an air-balanced medium.
When treated by plasma, both cell lines respond to the
treatment, increasing intracellular RONS generation with the
increase of the applied frequency. The observed increase is
significantly lower in cells maintained at 3% O, when

frequencies between 0.25 kHz and 1.25 kHz are used (Fig. 4 a-
b). Treatment at frequencies between 1.5 kHz and 2.0 kHz
showed not only no significant differences in cells exposed to
both oxygenated conditions but also an inverted trend with
intracellular RONS that decrease with the increase of
frequency. The decrease of intracellular RONS at higher
frequencies is coherent with the decrease of ROS measured in
DPBS. Furthermore, although RONS generated in both cell
lines appeared quantitatively lower in physioxia compared to
normoxia condition, the CAP treatment at the different
frequencies induces a higher relative increase of intracellular
reactive species in physioxia compared to normoxia . Our
results show how RONS generated by plasma treatment depend
on the interplay of frequency and oxygen dissolved in the
medium. The composition and the amount of generated reactive
species can induce different physiological consequences on
cells. RONS dose-dependent effect (hormesis) has already been
demonstrated in HaCaT cells [27]. Moreover, in vivo plasma
treatment was shown to increase oxygen release from the
deeper layer of the treated tissue [28], gases coming from
underneath blood vessels could also be a feeding source for
RONS formation.

V. CONCLUSION

The control of helium flow rate, frequency and treatment
duration is of great importance to generate the right dose of
RONS and achieve the desired effect on a tissue. The same cell
type could be positively stimulated or destroyed by CAP
treatment. Our data suggest that tissue oxygenation should also
be taken into account when planning a plasma treatment
session. The intracellular RONS increase upon CAP treatment
is very different when experiments are performed either in
normoxic or in physioxic conditions. This underlines the very
different stress response of the different cell lines but also the
drastic impact of the oxygen level during plasma treatment.
This may be of importance to design relevant in vitro skin cell
plasma jet treatments likely to be translated to real in vivo
protocols where tissue oxygenation levels are definitively
different from those usually used during cell culture and
experiments. The different intracellular RONS production
achieved with the two different cell lines, also open up
opportunities to select plasma treatment conditions likely to
differentially activate/stimulate the different skin cells, which
may be crucial for some biomedical applications.
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Fig. 1. Effect of CAP treatment on oxygen partial pressure in DPBS. DPBS was treated with CAP (frequency
1 kHz) or with helium alone for 1 min using two helium flows: 0.5 and 1 L/min. pOz2 and temperature were
monitored using OxylLite probes. (a) OxyLite system used to measure dissolved oxygen. (b) A typical
experiment showing oxygen and temperature evolution during and after plasma treatment; (c) Effect of
CAP or helium alone on oxygen partial pressure in DPBS; (d) Effect of CAP or helium alone on temperature
in DPBS. Data are the mean = SD of N = 3 independent experiments. One way ANOVA *** p < 0.001,
**** p < 0.0001.
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Fig. 2. Effect of CAP on RONS production in DPBS according to pO2. DPBS previoulsy equilibrated at 18 or
3% 02 was treated by CAP using various frequencies. (a) Nitrite production measured by Griess test; (b)
*OH radical production measured by methylene blue discoloration. Data are the mean = SD of N = 3
independent experiments (each experiment in triplicate). Two way ANOVA comparing frequency effect on
the two oxygenation conditions * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Fig. 3. Effect of CAP on nitrites formation in DPBS according to oxygen saturation. DPBS either air-
equilibrated or continuously air-bubbled were treated by CAP. Nitrites were measured by Griess test.
Data are the mean + SD of N = 6 independent experiments. One

way ANOVA ** p < 0.01
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Fig. 4. Effect of CAP on intracellular RONS production by 2 human skin cell lines. Intracellular RONS
production measured by DCF probe under plasma treatment at different frequencies in HaCaT (a) and MSU
1.1 (b) cultured either at 18% or 3% 0O2. Data are the mean = SD of N = 3 independent experiments (each
experiment in triplicate). Two way ANOVA comparing frequency effect on the two oxygenation conditions
*p <0.05, ** p <0.01, *** p < 0.001, and **** p < 0.0001.
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