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Correlations between gaseous and liquid phase chemistries
induced by cold atmospheric plasmas in a physiological buffer

Fanny Girard,”® Mathieu Peret,? Natacha Dumont,” Vasilica Badets,” Sylvie Blanc,” Kristaq Gazeli,”
Cédric No&l,° Thierry Belmonte,® Laurent Marlin,” Jean-Pierre Cambus,® Guillaume Simon,’ Neso
Sojic,b Bernard HeId,f Stéphane Arbault,b1L and Franck Clément®t

The understanding of plasma-liquid interactions is of major importance, not only in physical chemistry, chemical
engineering and polymer science, but in biomedicine as well as to better control the biological processes induced on/in
biological samples by Cold Atmospheric Plasmas (CAPs). Moreover, plasma-air interactions have to be particularly
considered since these CAPs propagate in the ambient air. Herein, we developed a helium-based CAP setup equipped with
a shielding-gas device, which allows the control of plasma-air interactions. Thanks to this device, we obtained specific
diffuse CAPs, with the ability to propagate along several centimetres in the ambient air at atmospheric pressure. Optical
Emission Spectroscopy (OES) measurements were performed on these CAPs during their interaction with a liquid medium
(Phosphate-Buffered Saline PBS 10 mM, pH 7.4) giving valuable information about the induced chemistry as a function of
the shielding gas composition (variable 0,/(0,+N,) ratio). Several excited species were detected including N,(First
Negative System, FNS), N (Second Positive System, SPS) and HO' radical. The ratios between nitrogen/oxygen excited
species strongly depend on the 0,/(0,+N,) ratio. The liquid chemistry developed after CAP treatment was investigated by
combining electrochemical and UV-visible absorption spectroscopy methods. We detected and quantified stable oxygen
and nitrogen species (H,0,, NO,, NOs) along with Reactive Nitrogen Species (RNS) such as the peroxynitrite anion ONOO'".
It appears that the RNS/ROS (Reactive Oxygen Species) ratio in the treated liquid depends also on the shielding gas
composition. Eventually, the composition of the surrounding environment of CAPs seems to be crucial for the induced
plasma chemistry and consequently, for the liquid chemistry. All these results demonstrate clearly that for physical,
chemical and biomedical applications, which are usually achieved in ambient air environments, it is necessary to realize an
effective control of plasma-air interactions.
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INTRODUCTION

Plasma-liquid interactions have gained particular
attention, not only in physical chemistry, chemical
engineering and polymer science, but also in
biological and medical applications 7 In the latter
case there is a strong need to understand and
explain how Cold Atmospheric Plasmas (CAPs)
interact with biological samples 814, Usually, CAPs
consist of streamer-like guided ionization waves,
which are produced at atmospheric pressure and
room temperature by means of Dielectric Barrier
Discharge (DBD) reactors > The latter are driven
with sinusoidal ***% or pulsed high voltages 1821 and
the generated CAPs interact with the gaseous
medium (usually helium or argon), which confines
their electromagnetic propagation.

Depending on the experimental conditions chosen,
the ionization degree of these partially-ionized gases
is found to be in the order of (10‘6-10'8) 123 The
produced electromagnetic forces allow the
formation of an important chemical reactivity in the
gaseous phase and they lead to excitation,
dissociation, recombination and other elementary
atomic and molecular processes.

Since most of the applications of CAPs are
performed in an open-air environment, copious
Reactive Oxygen and Nitrogen Species (RONS) 89
are, thus, produced. It has to be noticed that this
situation changes critically if the ambient
atmosphere conditions (gas type and composition,
humidity, temperature, pressure) change during
plasma  exposures. Consequently, plasma-air
interactions have to be carefully scrutinized: species
coming from the ambient air (i.e. mainly N,/O,, but
also H,0, CO,, ...) may interact strongly with the
ionization waves modifying, thus, their chemical
composition 24726, Moreover, it is known that during
the treatment of liquid samples with CAPs,
evaporation phenomenon occurs 27729, Accordingly,
water vapour may be introduced in the plasmas,
inducing for instance, an increase in HO- radical
concentration during the treatment 30
Consequently, RONS are hypothesized to be
produced mainly in the gaseous plasma phase 3132
Additionally, depending on the experimental
conditions used, different chemistries can be
induced in the liquid medium following complex
mechanisms.  For  biological or biomedical
applications, samples are commonly found in liquid
form. Plasma-induced chemistry in liquids is known
to play a major role in the observed biological
effects through the action of manifold RONS >28,33°35,
Their production in the liquid phase can vary
significantly. Consequently, it is critical to control the
gaseous ambient environment of CAPs. Recently,
Tresp et al 2 presented a shielding gas device with
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the possibility of adding different percentages of
0,/N,. This device allowed the effective control of
the gaseous plasma environment and its chemistry.
Thus, the importance of such control process was
demonstrated by analysing biological responses and
RONS generation induced by CAPs 24,3637 Elsewhere,
Liu et al. used the same type of process to control
the production of RONS and induce myeloma cell
apoptosis 6, while Ito et al., showed that H,0, and
NO, concentration in the solution can be tuned by a
shielding gas device operating in open air 38

In the present study, both chemistries in the plasma
and liquid phases were investigated concomitantly.
This was achieved by adding to the initial setup
reported recently by our group (for details see
Girard et al.,, 2016 27) a shielding gas composed of
various amounts of O,/N,, which allowed the control
of plasma-air interactions and the better
understanding of the complex interplay between
ionization waves and liquids. Optical Emission
Spectroscopy (OES) measurements were then
performed in the close vicinity of the liquid surface,
which allowed the identification of excited species in
the gas phase as a function of the shielding gas
composition. Then, we focused on the detection and
quantification of RONS generated in a physiological
buffer (Phosphate Buffered Saline PBS, 10 mM, pH
7.4) including H,0,, NO,, NOj3 and the highly
reactive peroxynitrite ONOO". To achieve this, we
combined UV-visible absorption spectroscopy and
electrochemistry as complementary methods. Other
physico-chemical parameters such as pH and
evaporation process were also investigated.
Particular attention was paid for the analysis of the
involved chemical mechanisms. Hypotheses and
experimental proofs related to the presence of
short-lived RONS are suggested and correlations
between gaseous and liquid chemistries are thus
highlighted.

MATERIAL AND METHODS
EXPERIMENTAL SETUP TO GENERATE CAPS

Figure 1 depicts a schematic representation of the
experimental setup used herein. A tungsten filament
(100 um in diameter) is connected to the high
voltage source and it is inserted within a first thin
quartz tube (inner and outer diameters of 1.14 and
2.5 mm, respectively). This first tube is fed with high
purity helium gas (Linde, 99.9995%) at a constant
flow rate (during all the experiments) of 1.67 slm
(standard litres per minute). A grounded cylindrical
electrode (10mm in length) is placed around the first
quartz tube, allowing the formation of wide
spreading radial DBDs between the HV filament and
the grounded cylindrical electrode.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Experimental setup used for the generation of CAPs
incorporating a shielding gas device and their analysis via Optical
Emission Spectroscopy (OES). Parameters of the unipolar pulsed
aﬁplied voltage: amplitude 7.5 kV, frequency 10 kHz, duty cycle 1%.
The flow rate is fixed at 1.67 sIm for the working gas (flowing in the
thin inner quartz tube), and at 0.03 sIm for the shielding gas
(constant whatever the composition in O,/N, is). A detailed cross
section (not in scale) of the reactor (CAP + shielding device) is given
in the center of the image.

Grounded Electrode Probe

= Radial DBDs

The plasma setup employed for the experiments in
this work has been described previously Y The
control of the gaseous environment around it is
achieved using a (second) larger quartz tube, which
is placed around the first (thinner) quartz tube (i.e.,
where the CAP is generated). This configuration
allows the addition of a shielding gas device (see
Figure 1), which can be compared with other
systems reported in the literature 24,26,36-38

The advantage of this system is related with the
lower gas consumption than other setups 39,40
Technically, the present shielding gas device is based
on the second quartz capillary tube (length: 90 mm,
inner and outer diameters: 5.2 and 8 mm,
respectively), into which mixtures of O, and N, can
be added upstream from the nozzle of the inner
(first) quartz tube. This way, hydrodynamic
interactions with the ionization waves produced in

This journal is © The Royal Society of Chemistry 20xx
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the working helium gas are better controlled. The
shielding gas was composed of 0.03 slm of various
0,/N, compositions (Linde, 99.9995%), which leads
to a total gas flow of 1.7 slm. The helium flow rate
was adjusted with adequate mass flow controllers
(EL-FLOW, Bronkhorst High-Tech) connected to a
flow-bus. 0,/N, mixtures were always introduced
around the helium gas and they were adjusted using
another mass flow controller (MKS in Figure 1).

The production of ionization waves was achieved
using a commercial pulsed High Voltage power
supply with rise and fall times of pulses in the order
of 100 ns. The electrical parameters are fixed as
indicated in Figure 1 (i.e. positive pulses of 7.5 kV in
amplitude, 10 kHz repetition frequency and 1% duty
cycle (i.e., the ratio of the HV pulse width over the
voltage period)). The ionization waves are produced
due to the high imposed electric field and the
geometric configurations of the extremely thin high
voltage electrode and the thin dielectric quartz tube
around it, which acts as a guide for the
electromagnetic wave propagation.

OPTICAL EMISSION SPECTROSCOPY
Wavelength-resolved optical
been conducted in order to investigate the chemical
composition of the generated CAPs. The plasma

characterization has

J. Name., 2018, 00, 1-3 | 3



emission was recorded downstream of the shielding
(second) quartz tube (spatially-integrated emission
over 2 mm) with a wideband optical fibre
(Ceramoptec UV 1500/1590 N) equipped with an
adequate diaphragm. The diaphragm was placed
perpendicularly to the tube axis at a distance a = 5
mm from it and at an axial distance b = 38 mm from
the inner (first) tube nozzle. This position
corresponds to an optical analysis realized 24mm
above the surface of the PBS as indicated in Figure 2.
Note that for technical reasons, it was not possible
to reduce this length. The wavelength-integrated
light was then probed by UV-NIR (200-900 nm)
Optical Emission Spectroscopy (OES) by focusing it
on the grating of a high-resolution spectrometer
(1000M JOBIN YVON, 1200 groves.mm'l, maximum
spectral efficiency at 500nm) equipped with a CCD
3000V light detector (see Figures 1 and 2). All
measurements were carried out in triplicate by
realizing three independent experiments. Values are
calculated as mean + Standard Deviation.

The impact of the shielding gas on the induced
chemistry was evaluated by analysing the CAPs at
various shielding gas compositions. In order to
define direct links between excited species detected
in the plasma and the reactive oxygen and nitrogen
species (RONS) detected in the liquid, OES
measurements were performed during the
treatment of a buffered liquid (Phosphate Buffer
Saline — PBS, 10 mM, pH 7.4). For that, 2 mL of PBS
solutions were disposed in an adapted well plate
and they were exposed to the ionisation waves. A
lidding cap was placed over the well for a better
control of the gaseous CAP environment and for
limiting air-plasma interactions (see Figure 2). To be
noted that the lidding cap allows the evacuation of
the gas, thanks to a 1 mm diameter hole, which was
drilled on it.

Working gas 1.67 slm He
v

HV

Shielding gas 0,
0.03 slm —_—

Optical fiber E—

Figure 2. Experimental setup used for optical analyses of the
ionisation waves during PBS treatment. 2 mL of PBS (10 mM, pH
7.4) are exposed to CAP during OES measurements. The
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characteristic distances indicated in the scheme are:a=5mm, b =
38 mm,c=22mmandd=2mm.

PLASMA TREATMENT OF PHYSIOLOGICAL SOLUTIONS
AND PH MEASUREMENTS

2 mL of PBS solutions (10 mM, pH 7.4, PAN BIOTECH,
KCl 0.003 mol.L™"; KH,PO, 0.002 mol.L’"; NaCl 0.137
mol.L™; Na,HPO, 0.01 mol.L’}, without Mg**/ca®)
were treated in a 6-well plate (FALCON, sterile tissue
culture plate), for various shielding gas compositions
and during 10 minutes. The distance between the
exit of the second quartz tube (i.e., the one
corresponding to the shielding device) and the liquid
surface was fixed at d = 2 mm (see Figure 2). For
peroxynitrite anion quantification, 2 mL of PBS
solutions at pH 12 were treated by CAPs for each
shielding gas composition and they were analysed
by UV absorption spectroscopy, as described
elsewhere %.

pH measurements were carried out immediately
after plasma exposure with a pH meter (Eutech
instruments, pH 700 meter) under magnetic stirring,
and after transferring the samples into a haemolysis
tube. AIl measurements were carried out in
triplicate by realizing  three independent
experiments. Values are calculated as mean =
Standard Deviation. It can be noticed here that pH
variations were measured despite the buffering
effect of PBS solutions.

UV-VISIBLE ABSORPTION SPECTROSCOPY

UV-visible absorption spectroscopy was applied to
detect stable nitrogen species and RNS in the PBS
exposed to CAPs. The spectra were recorded (Cary
5000 spectrophotometer) at room temperature in
the [200-500 nm] range (0.5 nm steps) using either a
1 cm- or a 5 cm-path length quartz optical cell
(Hellma). The cell length has been chosen
adequately in order to reach a maximal absorbance
of the analysed solution. Beer-Lambert law was used
to calculate the concentration of detected species
(Eqg. 1):

A=) A=) el (Eq. 1)
i

i

A, stands for the total absorbance of the solution at
the wavelength A, A, ; the individual absorbance of a
species i at the wavelength A, g; the molar
extinction coefficient of the absorbing species i (M’
1.cm_1) at the wavelength A, / the cell length (cm) and
C; the concentration of the absorbing species i (M).
The molar extinction coefficients of the species in
PBS were taken from the literature **** or measured
directly; standard solutions of nitrite and nitrate ions
(NaNO, 2 mM and NaNO; 1 mM) were thus
prepared in PBS pH 7.4, and the absorbance of these
species was calculated using the Beer-Lambert law

This journal is © The Royal Society of Chemistry 20xx



for each wavelength (Eq. 1). The molar extinction
coefficients were measured also at pH 12 for ONOO,
HO, and NO, in order to quantify these species at
alkaline values. All measurements were carried out
in triplicate by realizing three independent
experiments. Values are calculated as mean =
Standard Deviation.

ELECTROCHEMISTRY

Electrochemistry was used as a complementary
method to UV-visible absorption spectroscopy, in
order to detect and quantify RONS, which are
different than the previous ones. We performed
cyclic voltammetry using a three-electrode
electrochemical cell composed of a platinized
platinum microelectrode (@ 25 um) as working
electrode, an Ag wire covered by AgCl as reference
electrode and a Pt wire as counter electrode. In
order to increase the sensitivity of the working
microelectrode, a potentiostatic electro-deposition
of platinum black was performed by reducing at — 60
mV  versus Ag/AgCl/NaCl 3M on the Pt
microelectrode surface, a solution of hydrogen
hexachloroplatinate in PBS at pH 7.4 (H,PtClg, 115
mM (Sigma Aldrich®)) added with 0.76 mM of lead
acetate (Sigma AIdrichG) . The electrodeposition
was stopped when the total reduction charge
reached 0,1 uC.um'z. Indeed, Ben Amor et al.,
showed that this charge value offers very good
analytical performances for the detection of some
RONS **. The electrochemical measurements were
carried out using a potentiostat (BioLogic inc, VSP-
300, EC-Lab software).

In order to detect RONS in plasma-treated solutions,
cyclic voltammograms were achieved between 0V
and 0.9V, at 20 mV.s™ scan rate *>*. Quantification
of detected species was obtained by using adequate
calibration curves extracted from pure solutions of
H,O, and NaNO, prepared in PBS buffer (Sigma
Aldrich”).

All measurements were carried out in triplicate by
realizing three independent experiments. Values are
calculated as mean + Standard Deviation.

RESULTS AND DISCUSSION
MACROSCOPIC OBSERVATIONS OF “DIFFUSE” CAPS

The use of the (second) shielding quartz tube
provides multiple interests, i.e. for the control of the
gaseous environment, for consumptions of gases at
low total flow rates, but also because it induces the
formation of a new type of CAPs. Indeed, with this
configuration, a thin very luminous axial plasma is
produced and propagates inside the shielding quartz
tube, which can be viewed in Figure 3. Additionally,
fainter luminous plasmas were observed, which
filled entirely the second tube. It seems that this
configuration allows the formation of “diffuse” and

This journal is © The Royal Society of Chemistry 20xx

cylindrical CAPs of about 5 mm in diameter (inner
diameter of the second tube) and 60 mm in length.
Even if the radius of these “diffuse” CAPs decreases
once they interact with the atmospheric air, it is
remarkable that these plasmas appear relatively
stable in the tube and propagate along several
centimetres in air, which appears surprising at
atmospheric pressure. This behaviour was observed
both during the presence and the absence of the
shielding at different compositions (see Figure 3).

60 mm

Figure 3. Specific “diffuse” ionization waves generated with the
shielding gas device for various O,/N, mixtures. The flow rate is
fixed at 1.67 slm for the working gas (pure He) and at 0.03 sIm for
the various O,/N, compositions added in the surrounding device.
CAst are propagated in air after their exit from the shielding gas
tube.

From a physical point of view, it is underlined that
these “diffuse” plasmas are true CAPs in nature.
Indeed, by analysing via Optical Emission
Spectroscopy (OES) the gas phase inside the quartz
tube, a dominant emission of the Second Positive
System of nitrogen N,(SPS) is measured, suggesting
its formation by electronic collisions with molecular
nitrogen 4 (see Figure 4a). Other possible
mechanisms leading to N,(SPS) formation under our
experimental conditions could be related with
pooling reactions between nitrogen molecule
metastable states (i.e., N,(A)) 8, Indeed, as it was
shown in our previous work for an unshielded
plasma device 49, N,(A) is likely to be produced due
to the radiative relaxation of the nitrogen molecule
first positive system (N,(FPS)) at various
wavelengths in the range 600-900 nm. Besides, the
First Negative System of molecular nitrogen ion
N,*(FNS) has also been detected, which proves the
presence of positive charges (see Figure 4b). These
charged species are crucial for the development of
the ionization waves over large distances since,
along with the negative ones, they define the
localized reduced electric field values. N,'(FNS)
could be formed either by electronic collisions with

J. Name., 2018, 00, 1-3 | 5



ground (N,(X)) and (mainly) excited state of
molecular nitrogen 1330 Another important
formation pathway is the so-called Penning
ionization 15'50, which is established between helium
metastables (He™) and N,(X) giving N,'(B). Then, the
N,*(FNS) transition (see Figure 4b) is obtained via
radiative relaxation of the N,'(B) to the N,’(X) state.
Metastable states, thus, appear to be crucial for
such kind of plasmas since they stimulate various
reactions in the gaseous chemistry, which in turns
will induce modifications on the liquid chemistry.
The colour of the diffuse CAPs depends also on the
shielding gas composition. Moreover, the luminous
wavelength-integrated intensity of these ionization
waves decreases when oxygen is added to the
shielding gas (see Figure 3) suggesting the
modification of the gaseous chemistry as it was
stated above. From a phenomenological point of
view, these “diffuse” cold atmospheric plasmas may
be explained by the high potential gradient between
the axis of the ionization wave (near 7.5 kV potential
and highly luminous) and the wall of the shielding
quartz tube (near at ground potential). In fact, this
system behaves as a multi-streamer discharge
generated between a metallic wire and the inner
wall of a grounded cylinder.

Q
u

N, (SPS) OES intensity (a.u.)

1.0F ——100% N, .
08-_ 4
0.6 i
0.4+ B

0.2+ 4

0.0 AR
333 334 335 33 337 338
Wavelength (nm)

c

N; (FNS) OES intensity (a.u.)

1.0+ B
——100% N,

388 389 390 391 392
Wavelength (nm)

Figure 4. Normalised OES rotational spectra of a) N,(SPS) and b)
N (FNS), measured at 337.1 nm and 391.4 nm, respectively, in the
shielding gas tube for 100% N,.

OPTICAL EMISSION SPECTROSCOPY OF CAPs
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The main goal of the present study was to
determine the impact of a gaseous environment on
the chemistries of the plasma and the exposed
liquid. According to our previous study in an open air
configuration 27, the same types of species are
expected to be found in this new enclosed
configuration, but their ratios could be different
depending on the shielding gas composition. In
other words, in terms of species nature, one could
generalize these results for every CAP system (i.e.,
with or without shielding device). Although, in terms
of species densities, herein it is demonstrated that
the present shielding device is advantageous
allowing controlled production of well-defined
reactive species both in the gaseous and the liquid
phase.

Firstly, OES measurements were performed on the
plasma phase. Qualitatively, the same species as in
our previous works (different reactors 4931 and
power supplies 18 were effectively detected: excited
He, N,'(FNS, First Negative System) and N,(SPS,
Second Positive System), which are shown in Figure 4
for the present system, N,(FPS, First Positive
System), second order of NO®, H,, second order of
HO- and O. Surprisingly, an additional emission has
been detected, corresponding to the first negative
band system of O,"(FNS) (b*2; — a*mtransition) at
558 nm 52, which has not been observed in the
unshielded CAPs “°. OES intensities were then
normalized for each species and plotted as function
of the shielding gas composition in O,/N, (Figure 5).
Thus, the intensity for a given specie can only be
compared upon the different shielding gas
conditions. Figure 5a depicts He transitions observed
at 667.8, 706.5 and 728.1 nm. In Figure 5b and 5c,
different excited species coming from nitrogen
(N,'(FNS), N,(SPS), N,(FPS) and second order of
NO°) and oxygen derivatives (second order of HO,
0,", 0 and H,,) are reported, respectively. Note that
0," emission in 100% N, and 20% 0,/80% N, was too
weak to be measured and not plotted for these two
conditions.

Figure 5a shows that He emission intensities reach
an optimal value for 20% 0,/80% N, in the shielding
gas. On the contrary, the intensity is lower for 100%
0,. In Figure 5b, we observe that the intensities of
the N, (FNS), the N,(SPS), N»(FPS) and the second
order of NO® are higher for 100% N, in the shielding
gas. When the 0,/(0,+N,) ratio increases, the UV
intensity drops down by about 90 % and cannot
even be detected for 100% O,. For N, (FNS), N(SPS)
and N,(FPS), the intensity decreases linearly down to
zero when oxygen is added in the shielding gas.
Figure 5c illustrates the intensities of H,, and second
order of HO, O," and O species. When the amount
of nitrogen is decreased in the shielding gas, HO-
emission decreases exponentially, similarly to H,
emission suggesting related creation processes for

This journal is © The Royal Society of Chemistry 20xx



both particles. We can hypothesize a mechanism
due to water dissociation. On the other hand, 0,"
cation is detected starting from 50% 0,/50% N, in
the shielding gas and remains constant for 50, 80
and 100% O,. In turn, atomic oxygen O increases
until reaching a maximum plateau value for 80 and
100% O,.

In a logical way, nitrogen species prevail when the
0,/(0,+N,) ratio is low while on the contrary, oxygen
species are predominant for a higher 0,/(0,+N,)
ratio. In contrast, HO: radical is mostly detected for
100% N,, which is counter intuitive. One mechanism

is usually proposed for the formation of HO- (Eq. 2)
1,53,54,

N, (A’5,") + H,0 > HO-+H' +N,  (Eq.2)

Humidity is not controlled in our system but could
result from water backscatter of the PBS liquid
exposed to the CAPs. The metastable state N2(A3Zu+)
is probably mostly generated by electronic collisions
with the fundamental state of N, molecule,
N2(X129+), and by radiative relaxation of the first
excited state of nitrogen NZ(B3I79) to the N, (A3Zu+)
(i.e. N,(FPS) transition, see Eq. 3 below) as it was
discussed previously, which is formed by collisions of
the fundamental state of N, molecule, N2(X12g+),
with electrons:

N, (B>mg) - N, (A’5,") + hv (Eq. 3)

Considering that N,(FPS) is mostly generated for
100% N, (Figure 5b), the NZ(A3ZU+) metastable state

This journal is © The Royal Society of Chemistry 20xx

is probably a dominant species for that condition,
explaining thus the high yield of HO- radical.

Finally, the composition 20% 0,/80% N, appears to
be critical for the formation/destruction of excited
species in the ionization wave. Particularly, NO" and
HO- emission intensities decrease strongly when
oxygen is added to the shielding gas. Last remark
concerns H atoms, which seem to be more produced
for both 100% N, and air (20% 0,/80% N,)
conditions but less for higher O, contents.

This optical study finally shows that the gaseous
environment composition of the plasma is a major
parameter influencing its chemical reactivity.
Besides, three shielding gas compositions appear to
be interesting in our experiments:

- 100% N,, for which metastable state of
nitrogen N2(A32u+) appears maximal as well
as other nitrogen excited states (SPS, FNS);

- 20% 0,/80% N, (air-equivalent condition),
for which an optimal excitation of helium
atoms is obtained, but also a modification
of NO® and HO- emissions, which decrease
drastically, oppositely to an increase of
atomic oxygen O emission;

- 100% 0O,, at which all emissions are
considerably reduced except those of
atomic oxygen O and dioxygenyl cation O,".

Consequently, for these three shielding gas
compositions, differences in RONS concentrations in
the treated liquids are expected.

J. Name., 2018, 00, 1-3 | 7
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nm and 728.1 nm; b. N,” FNS at 391.4 nm, N, SPS at 337.1 nm, N,
FPS at 762 nm and second order of NO at 493 nm; c. H, at 656 nm,
second order of HO- at 618 nm, O," at 558 nm and O at 777.5 nm as
a function of the shielding gas composition. All measurements were
carried out in triplicate by realizing three independent experiments.
Values are calculated as mean + SD

PLASMA TEMPERATURE EVALUATION

An important parameter of cold atmospheric
plasmas is the temperature of the gas, which is
further applications where thermo-
sensible materials are used. In order to estimate the
mean temperature of the gas, the traditional
analysis of structures of adequate
molecular probes has been used in this work, i.e. the
transitions of N, (SPS) (C®n, - B3n,) at 337.1 nm,
HO (A%X* - X?m) at 309 nm and
N3 (FNS) (B2Z} — X23}) at 391.4 nm ****%°° The
rotational temperatures of these molecules were
evaluated thanks to the previous OES data
presented in Figures 4 and 5 and were plotted as a
function of the shielding gas composition in Figure 6.

crucial for

rotational
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Figure 6. Rotational temperature evolution of the probe molecules
HO- (A%z* - X2 i) at 618 nm (second order), N FNs (B2Z! — X?%3) at
391.4 nm and N, SPS (C*[Ju—B?*[]g) at 337.1 nm as a function of
the 0,/(0,+N,) ratio (0.03 sIm). All measurements were carried out
in triplicate by realizing three independent experiments. Values are
calculated as mean = SD

Results from Figure 6 show that the rotational
temperature of N (FNS) increases linearly from 400
to 450 K when oxygen is added in the shielding gas.
The last point for 100% O, is outlier because the
emission band of N (FNS) is very weak and not well
defined for that condition, so this point has been
removed from the Figure 6. For N,(SPS)and HO:
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radical, the rotational temperatures are found
approximately between 350 and 300 K. Eventually,
these rotational temperatures are close to the room
temperature, suggesting that the mean temperature
of the gas is compatible with thermo-sensitive
applications. On the other hand, the rotational
temperature of N (FNS) is noticeably higher than
the ones of HO- and N,(SPS). This difference is
attributed to the generation of helium metastables
(justifying furthermore the hypotheses of Figure 4)
and helium dimer ions in the guided streamers.
Indeed, these molecules contribute effectively to the
excitation/ionization of N,(X) at the N; (B) level due
to Penning ionization. In this case, Nj(B) is
expected to be excited at high rotational energy
levels along with an overpopulation of this excited
state. There is thus an absence of equilibrium
between this molecular ion’s rotational degrees of
freedom and the translational ones of the gaseous
species (i.e. gas temperature), leading to higher
rotational temperatures. Such mechanisms were not
found for the other two molecules under our
experimental conditions and their rotational
temperatures remain close to the room’s one. These
differences on the rotational temperatures between
these molecules are the same with the ones
observed for unshielded CAPs devices 49, which
shows that the shielding device doesn’t play a role
on the temperature of CAPs.

QUANTIFICATION OF EVAPORATION

A possible evaporation of the solution under
exposure to the plasma is a factor necessary to
evaluate since it may have a direct impact on the
plasma chemistry. This phenomenon has to be
quantified for any application of CAPs. In our case,
the evaporation cannot be due to a temperature
increase, according to rotational temperatures
estimated above and the volume of treated solution
(2 mL). The remaining volume was measured for 10
minutes of plasma treatment, for each condition of
shielding gas composition. Results are depicted
below (Figure 7):

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. PBS volume evolution (pH 7.4, room temperature) after 10
minutes of CAP treatment (working gas 1.67 slm He) for various
shielding gas compositions (0.03 slm). Initial volume: 2 mL. All
measurements were carried out in triplicate by realizing three
independent experiments. Values are calculated as mean + SD.

The evaporation was found to reach about 10 % in
all conditions and was twice reduced as compared
with the non-shielded setup, for the same treatment
time of 10 minutes . Here, the gas flow rate is
lower (i.e. 1.7 vs. 2 slm) so its influence on the liquid
is less important. In addition, due to the enclosed
environment around the liquid, the water vapour is
kept inside the capped well. This result seems to
show that, for any condition in the well, the gaseous
environment of the ionization wave affects its
velocity with an identical hydrodynamic manner,
probably due to the presence of a lid over the well.
In contrast, it is not the case for the macroscopic
aspect of these “diffuse” plasmas (Figure 3), when
the ionization wave arrives into the ambient air.
Indeed, the CAP with pure oxygen shielding is
shorter than the other ones.

Finally, as the evaporation remains constant
whichever the conditions are, it can be considered
as a non-influencing parameter for the
interpretation of the induced chemistry in the liquid
investigated below.

MEASUREMENTS OF STABLE NITROGEN SPECIES
PRODUCED BY CAPS IN PBS (PH 7.4)

Electrochemistry and UV-visible absorption
spectroscopy have been employed as
complementary methods for the identification and
quantification of stable oxygen and nitrogen species
dissolved in PBS (pH 7.4) after plasma treatment (10
min), for several shielding gas compositions.

Figure 8 shows cyclic voltammograms detected on

platinized microelectrodes in PBS solutions after

various plasma treatments. As shown in a previous
27 P . .

report “°, two distinct oxidation waves appear

following the exposure of PBS to our plasmas: the

first one corresponds to the irreversible oxidation of

J. Name., 2018, 00, 1-3 | 9



H,0, between 160 and 500 mV and the second one
is related to the irreversible oxidation of NO,
between 650 and 850 mV vs Ag/AgCl. Moreover, the
currents vary as a function of the shielding gas
condition; so one can expect different final ratios of
H,0,/NO,". Then, we evaluated the concentrations
of these species by using calibration curves
extracted from pure solutions of H,0, and NaNO,
prepared in PBS buffer at pH 7.4. Based on these
calibration curves, the concentrations of each
species were obtained at each shielding gas
composition and plotted as function of the
0,/(0,+N,) ratio (see Figure 10).

30 — T - T T
—— 100 % N, )
—20%0, NG,
20 100 % O, 1
-=-=-= untreated PBS
10 F
H,0, :
< 4

<i> (nA)

00 02 04 06 08 10
E.e (V) vs. Ag/AgCl
Figure 8. Cyclic voltammograms (20 mV.s ') measured in 2 mL of

PBS (pH 7.4) treated 10 minutes by CAP (working gas 1.67 sIm He)
as a function of the shielding gas composition (0.03 sIm).

Since Nitrate (NOj3) ions are not electro-active in our
conditions, they were quantified via UV-visible
absorption spectroscopy using the Beer-Lambert law
at 320 nm (Eqg. 1). Indeed, at this wavelength only
NO, and NOj3 are the absorbent species (under 320
nm, H,O0, absorbs also). Moreover, nitrite
concentrations evaluated by UV absorption
spectroscopy were very similar to the ones
measured by electrochemistry, showing that these
two methods are reliable and complementary to
each other (data not shown).
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Figure 9. UV absorption spectra (optical length = 5cm) measured in
2 mL of PBS (pH 7.4) treated 10 minutes by CAP (working gas 1.67
slm He) as a function of the shielding gas composition (0.03 slm).

UV spectra in Figure 9 depict 3 contributions: H,0,
around 260 nm and nitrate and nitrite peaking at
300 and 354 nm, respectively. The molar extinction
coefficients of NO, and NOj; are respectively
Enos 300 mm = 8M™h.em™  enos asamm = 189 M Lem™h They
were determined by using standard solutions
prepared in PBS and calculated thanks to Eq. 1. In a
global manner, the total absorbance of the solution
increases when oxygen is added to the shielding gas.
For 100% N,, the H,0, contribution seems to be
more important (see black line in Figure 9). This
observation is confirmed by cyclic voltammograms
(black cycle on Figure 8), because oxidative current
corresponding to H,0, (plateau current at 300 mV) is
more important for that condition. Following, the
concentrations of each species have been calculated
thanks to these data and plotted as a function of the
0,/(0,+#N,) ratio in the shielding gas. The
corresponding results are depicted on Figure 10.
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Figure 10. Variations of Nitrite (NO,), Jldrogen peroxide (H,0,) and
nitrate (NO3) concentrations measured in 2 mL of PBS (10 mM, P

7.4) treated 10 minutes by CAPs (working gas 1.67 slm He) for
various shielding gas compositions (0.03 slm). NO, and H 02 are
measured using electrochemistry whereas NOs’ is measured via UV-
visible absorption spectroscopy. All measurements were carried out
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in triplicate by realizing three independent experiments. Values are
calculated as mean + SD

Globally, the concentrations of H,0,, NO, and NOj3
are in the order of hundreds of micromolar for 10
minutes of CAP treatment. Nitrite ions follow a very
clear trend, since a maximum, 620 + 50 uM, is
obtained for the condition 20% 0,/80% N,. The
conditions of 100% N, 80% O, and 100% O,
generate roughly the same quantities of NO,: 374 +
70, 390 + 70, 360 + 80 uM, respectively. Hydrogen
peroxide (H,0,), in turn, does not follow the same
trend: the concentration is higher for 100% N, in the
shielding gas reaching 265 + 40 puM. The trend for
nitrate NOj  is similar to the one of H,0,.

Based on the assessment that nitrite ions are
associated with pH variations 27, we measured the
resulting pH of PBS solution after 10 minutes of CAP
treatment. For better comparison, concentrations of
NO, were plotted in the same graph (Figure 11).
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Figure 11. pH variations measured in 2 mL of PBS (10 mM, pH 7.4)
after a 10 minute treatment by CAP (working gas 1.67 slm He) as a
function of the shielding gas composition (0.03 slm). Comparison
with NO, concentrations measured afterwards. All measurements
were carried out in triplicate by realizing three independent
experiments. Values are calculated as mean + SD.

For all considered conditions, a pH decrease is
observed, -0.20 pH units at most for the condition of
20% 0,/ 80% N, which corresponds to “air
shielding” and represents an optimum. For 100% N,
and 100% O,, the pH variations are approximately
the same, about -0.14 pH units. Moreover, these
results show a good correlation between NO,
concentrations and pH variations. More nitrite are
found when pH lowers. NO, accumulation could be
due to the prior existence of nitrous acid, HNO,.
HNO, is a weak acid (pKa([HNO,/NO,]) = 3.3 )
reacting quantitatively with the base of the buffer,
HPO,” (K = 10"*°) leading to H,P0O, and NO,. HNO,
can actually be formed in the gaseous phase by the

reaction between HO- and NO® 7% (rate
coefficient 3.3 x 107 m>s™ %) (Eq. 4):
HO- + NO' + M > HNO, + M (Eq. 4)

with M, representing a third collision partner.

This journal is © The Royal Society of Chemistry 20xx

Concerning H,0,, at a glance, the observation of
higher concentrations for 100% N, in the shielding
gas, is not intuitive. However, regarding the excited
species generated in the gas, HO- emission is
maximum for a pure nitrogen shielding (Figure 5c).
H,0, could be formed in the discharge due to the
following reaction (Eq. 5) 33,57,59,

HO: + HO + M = H,0, (Eq. 5)

with M, representing a third collision partner.
Consequently, HO- radicals produced in the plasma
are expected to form H,0, directly in the gas phase
445053 (Rate coefficient: 2.6 x 107 m? s7, %)
followed by its solvation into the liquid since the
Henry’s constant for H,0, is high (1~1= 1.92 x 10° at
300 K, 10° Pa, 58), or by solvation of HO- radicals
(detected by RPE in plasma treated liquids 60) and
their reaction to form H,0O, in solution. Note that
Tresp et al. found similar results in other liquid
media (e.g. NaCl, DPBS and RPMI) and for other
plasma parameters 2

Since the evaporation is the same for all conditions
of shielding gas, concentration variations are clearly
the result of different chemistries induced by CAP
treatment. The air shielding (20% 0,/80% N,) seems
to be the most efficient for the production of NO,.
Considering the excited species produced in the gas
phase, it is clear that the RNS/ROS ratio in the
solution depends on the 0,/(0,+N,) percentage. On
the contrary, NO3 does not follow the same trend as

NO,. A possible pathway for NO3™ formation is (Eq.
6) 555

’

NO, + HO + M = HNO3 + M (Eq. 6)

with M, representing a third collision partner. NO,"
radical is expected to be generated under our
conditions since its formation is owed to NO®, due to
the following reactions (Eg. 7 and 8) 25,57,59,

NO® +0 > NO,' (Eq. 7)
NO® + 0; > NO," + 0, (Eq. 8)

However, the very good correlation between NO,
and pH variations (Figure 11) seems to show that
HNO, is mostly responsible for the acidification,
excluding a priori another source of H" ions. Besides,
NOj ions are possibly produced thanks to another
pathway (peroxynitrite decomposition) or already
created in the gas phase as suggested by
computational studies 1257,

On the other hand, it is surprising that NO,
concentrations are approximately the same for
100% N, and 100% O, shieldings (see Figure 10),
compare to the amount of RNS in the plasma for
these conditions (see Figure 5). Indeed, the RNS/ROS
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ratios in CAPs are inverted for these two conditions
(more RNS for 100% N, and more ROS for 100% O,).
Nevertheless, nitrite ions are produced at similar
quantities in the PBS. This finding suggests first that
the chemical mechanisms producing stable nitrogen
species in the liquid phase could be shielding-
dependent, with different involved chemistries.

Secondly, the liquid chemistry is maybe strongly
dependent on the processes occurring near the
plasma-liquid interface, knowing that there is an air
layer above the surface. Indeed, when the plasma
propagates into the well under the cap, its
interaction with the air may influence its own
chemistry, independently of former chemical
processes that occurred within the tube over several
centimetres. Finally, the small amount of nitrogen
excited species detected for 100% O, in the shielding
gas is probably enhanced when the ionization wave
is in contact with N, from air in the well.

MEASUREMENTS OF PEROXYNITRITE: AN
UNSTABLE RNS

The formation of ONOO™ in treated PBS was
evaluated by UV absorption spectroscopy in alkaline
PBS (pH 12), in order to stabilise chemically this
species. In fact, acid and basic forms of peroxynitrite
decompose into nitrite and nitrate in various ratios
depending on multiple factors: pH, temperature,
concentration, chemical reaction with other species
(CO,, phosphates) 6164, Here, peroxynitrite anion
ONOO' has been detected and quantified in 2 mL of
PBS solution (pH 12) treated by CAP for all
conditions of shielding gas. Corresponding UV
spectra are depicted in Figure 12.

0.30 T T T T T T
100 % O,
095 ——80%0,/20%N, |
——50%0,/50%N,
() ——20%0,/80%N, |
8 0.20 —100% N, 1
®
_8 0.15
5 O
]
ol
< 0.10 .
0.05 E
0.00

260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 12: UV spectra (I=5cm) measured in 2 mL of PBS (pH 12),
treated 10 minutes by CAP (working gas 1.67 sIlm He) for various
shielding conditions (0.03 sim).

These spectra reveal the presence of at least 3
species, i.e. HO, (basic form of H,0,) around 260
nm, ONOO at 300 nm and NO, at 350 nm. ONOO"

12 | J. Name., 2018, 00, 1-3

concentrations were calculated using the Beer-
Lambert law, following the method described
previously and plotted as a function of the
0,/(0,+N,)  ratio (Figure 13). Firstly, the
concentrations are quite low (tens of micromoles)
for 10 minutes of treatment. Secondly, the trend is
very similar to the one of NO,. Indeed, the condition
(20% 0,/80% N,) generates once more higher
concentrations, about 23 + 4 uM. For 100% N, and
100% 0O, as shielding gas composition,
concentrations reach about 10 puM.
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Figure 13. Peroxynitrite (ONOO? concentrations measured by UV
absorption spectroscopy in PBS (pH 12) treated 10 minutes by CAP
(workin? gas 1.67 slm He) for various shielding conditions (0.03
slm). All measurements were carried out in triplicate by realizing
three independent experiments. Values are calculated as mean *
SD.

These results suggest that ONOO™ may be one of the
precursor of NO,, or that a common mother species
would be involved for the production of both
peroxynitrite and nitrite. In addition, since the
production of NO, is very similar at pH 7.4 and 12
(see Figure 14), it may be due mostly to species
which acid-base equilibrium does not fall within this
range of pHs. It was often hypothesize in literature
that HNO, is a major species produced in air-
dependent CAPs, which is compatible with the
decrease of pH observed in treated PBS and with the
accumulation of NO, in the solution as function of
time. In other words, nitrous acid is probably the
major source of nitrite present at substantially high
concentrations in exposed physiological buffer.
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Figure 14. Comparison of nitrite (NO,) concentrations measured in
PBS at pH 7.4 and 12 for various shielding gas compositions after 10
minutes of CAP treatment. NO, were measured thanks to UV-
visible absorption spectroscopy. All measurements were carried out
in triplicate by realizing three independent experiments. Values are
calculated as mean + SD

CONCLUSION

In this work, a shielding gas device was used to
modulate and study plasma and liquid chemistries,
regarding the gaseous environment of the ionization
wave. Specific “diffuse” CAPs were obtained, with
the characteristic to propagate along several
centimetres into the ambient air. The different
plasmas were characterized by OES measurements
of the luminous area found in a close vicinity of the
liquid and covered by the shielding tube, revealing
the presence of charges (such as N,'(FNS)), and
other species originating from electronic collisions
with ground state atoms and molecules. This
showed that these “diffuse” plasmas have the same
characteristics as most of CAPs. Moreover, OES
measurements demonstrated the strong influence
of the shielding gas composition on the plasma
chemistry. In fact, the nitrogen/oxygen excited
species ratio in the gas phase depends on the
0,/(0,+N,) percentage. As it could be expected,
nitrogen species are dominant for a low O,/(0,+N,)
percentage, while oxygen species are dominant for a
higher 0,/(0,+N,) percentage. The physico-
chemistry of PBS, a standard physiological buffer,
was investigated using two complementary
techniques (UV-visible absorption spectroscopy and
electrochemistry). The operating air-condition (20%
0,/80% N,) appears to be critical for the
formation/destruction of exited species in the gas
phase, while in the liquid this composition is
optimum for the production of RNS such as NO, and
ONOO'. Overall, RONS generation is thus shielding-
dependent. In addition, different links between
gaseous and liquid species are observed. Especially,
the metastable state N, (A3Zu+) is probably a
precursor of H,0, via the formation of the hydroxyl

This journal is © The Royal Society of Chemistry 20xx

radical HO. Moreover, hydrogen peroxide H,0, is
probably already formed in the gas phase, but the
possibility that a proportion could be produced in
solution cannot be excluded, since HO- radicals are
solvated in the liquid. Finally, the chemistry
occurring at the plasma-liquid interface seems to be
essential for the ionization wave chemistry, as well
as the induced-liquid chemistry, proving that the
gaseous environment of the plasma is essential and
need to be controlled.
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