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Cold Atmospheric Plasmas (CAPs) or Non Thermal Plasmas (NTPs) are increasingly used for biomedical applications.

Herein, we studied the interactions of such CAPs, typically atmospheric ionization waves produced in a helium-nitrogen

mixture (He/1%N,) with a commonly used physiological liquid in biology, e.g. Phosphate Buffered Saline solution (PBS) at

pH 7.4. Optical Emission Spectroscopy (OES) of the plasma phase revealed the formation in the He/1%N, CAP of nitric

oxide NO and hydroxyl OH® derivatives which can lead to numerous Reactive Oxygen and Nitrogen Species (RONS) after

dissolution in the exposed PBS. Chemical changes in solution were first assessed by conductimetry and pHmetry; these

experiments showed that an evaporation of the solution occurred under gas exposition and was amplified by the CAPs,

being mostly related to the interaction between the ionization wave and the gas flow. Further, UV-visible absorption

spectroscopy was used to identify and quantify long-lived RONS, namely nitrite (NO,), nitrate (NO3’), as well as a short-

lived species, i.e. peroxynitrite anion (ONOQ’). The production in physiological solution of ONOO™ under a CAP exposure is

demonstrated for the first time, based on experiments at two pH (7.4 and 12) and on the analysis of decomposition

kinetics of this unstable species. The combination of complementary physico-chemical techniques allows to decipher the

complex reactivity of CAPs from the plasma phase to the liquid phase.

INTRODUCTION

Applications of plasma technologies in biology and medicine
have increased rapidly over the last decade, due to the
efficient generation of plasmas at atmospheric pressure and
room temperature ™ Because of their complex composition
(charged particles, photons in UV and visible spectral ranges,
neutral species at at ground and excited states,
electromagnetic fields..., see Figure 1), Cold Atmospheric
Plasmas (CAPs) or Non-Thermal Plasmas (NTPs) have been
successfully used for bacterial inactivation 578, dental
applications 9'10, wound healing 113 3nd more recently,
became promising in the field of cancer research 118 The
strong attention drown by the « bioplasma » scientific field is
motivated by the real need to find out novel therapeutic

processes without side effects. The main issue is the
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development of plasma sources compatible with life matter
and operating at atmospheric pressure and in ambient air in
order to make easier their use by healthcare professionals.

Most of plasma sources used for biomedical applications are
based on Dielectric Barrier Discharges (DBDs), generating the
propagation of ionization waves at atmospheric pressure.
Heterogeneous terminologies have been often given to these
systems like plasma jets, plasma bullets, plasma plumes,
plasma pencils, plasma guns, pulsed atmospheric-pressure
plasma streams (PAPS), guided streamers, guided ionization
31930 These devices often operate with power
supplies in pulsed mode with very short current impulses,
leading to a mean gas temperature close to room
temperature. This is mandatory for bio-related applications,
even if short thermal injections may be produced during
plasma pulses One specific type of these plasma
processes is thus applied in this work: it refers to the
generation of ionization waves in a carrier gas composed of
helium with admixture of nitrogen and propagating in air.

In order to understand the reported biological effects of CAPs,
a key step is to characterize the physical-chemistry of plasma-
treated physiological liquids. As indicated above, CAPs are
composed of numerous energy components, which act in

waves...

synergy to produce physico-chemical reactions on the exposed
samples.
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Figure 1. Physico-chemical composition of CAPs.

It has been shown or often barely hypothesized, that several
Reactive Oxygen Species (ROS, such as HOQ, 102, H,0,) and
Reactive Nitrogen Species (RNS, such as NOQ, ONOO  and NO,)
are produced in physiological liquids (buffered media) during
plasma treatment, while their reactivity on cells being
increasingly studied 19153234 1t s very likely that diverse
Reactive Oxygen and Nitrogen Species (RONS) are produced
inside the plasma, then dissolve and diffuse into the liquid
phase 3235 However, it is difficult to distinguish their
production in the plasma phase from their presence in the
liquid phase. Consequences are: first, highly reactive chemical
species in plasma deriving from oxygen and nitrogen are
transferred to the liquid, and second, some following chemical
reactions can be initiated in the liquid creating more stable
species. These later can induce prolonged biochemical and
biological effects at longer time-scales, typically several hours,
after the plasma treatment of the liquid 3. Among those
effects was reported the so-called Plasma-Activated Water
(PAW) 3337740 \which was attributed, especially for RNS, to an
acidification of the medium after plasma treatment, leading to
a faster bacterial inactivation **. Then, numerous chemical
processes can occur within the plasma-treated physiological
media and have to be well understood for the development of
the associated technologies. This complex chemical reactivity
is not only dependent on the involved plasma process, but also
on the composition of exposed physiological liquids as
reported by Tresp et al. a,

Concerning plasma processes, the initial composition of the
carrier gas is a major parameter determining the plasma-
induced chemistry. It influences the composition of the plasma
phase as well as the quantity of reactive species produced, and
it might thus have a direct repercussion on the liquid
chemistry. The interaction with the surrounding atmosphere is
also an important parameter to take into account for a better
understanding of the chemical and biological observed effects.
Indeed, CAPs interact with gas molecules from the ambient air,
e.g. mainly O, N, and also water vapour 42 A5 a
consequence, the plasma chemistry is not the same inside the
reactor and in the air phase where plasma comes into contact
with O, and N, molecules. It is thus necessary to take into
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account the complex interplay of CAPs with their external
environment in order to understand their physical chemistry.
Because of this multi-parametric origin of CAP generation,
exposed physiological liquids can vary significantly in chemical
composition. The major challenge in the field is first, to reveal
the nature of dissolved species, namely the RONS, and
secondly to quantify them in order to interpret possible
biochemical and biological effects. Some stable RONS have
been identified in many CAP-exposed systems, including
hydrogen peroxide (H,0,), nitrite (NO,) and nitrate (NOj3’).
However, the difficulty resides in the methodology used to
detect and assess the nature of species, especially for species
having a short lifetime (typically < 1 second). Generally,
indirect and poorly selective methods are used. For instance,
H,0, is observed based on colorimetric assays such as Amplex
Red, titanium sulfate or simply thanks to commercial H,0, test
strips 443 while NO, and NOj are detected using the very
common Griess reagent assay 4445 or by ion chromatography
6 Otherwise, hydroxyl radical (HO') and nitric oxide (NO') can
be detected using electron paramagnetic resonance
spectroscopy (EPR) but spin traps must be used to stabilize
these short living species Note that most of these
techniques allow the detection of a single species at a time.
Moreover they require the addition of chemical reagents in
the liquid that can modify the initial sample composition. The
selectivity of these methods has also to be taken into account
since some scavengers can interact with several species. It is
for example the case for the 2’,7’-dichlorodihydrofluorescein
di-acetate (H,DCFDA) which reacts with peroxynitrite (ONOQO’)
as well as with ROS "2,

This study aims at analysing the Reactive Nitrogen Species
(RNS) composition of a physiological liquid medium
(Phosphate Buffer Solution at pH 7.4, PBS), after exposure to
CAPs initiated in helium with 1% nitrogen admixture. CAPs
were produced by the formation of ionization waves in a
nanosecond pulsed-mode and were directly applied on the
liquid samples in an open-air environment, this condition
mimicking directly some biological applications. The
composition of the CAPs was first studied by UV-visible Optical
Emission Spectroscopy (OES) in order to characterize the NOy
vibrational transitions, among others. Following, we combined
multiple analyses of the exposed PBS including conductivity
and pH measurements for a global analysis of the treated
medium and UV-visible absorption spectroscopy for the
detection and quantification of RONS. Firstly, we observed and
quantified the production of stable species, namely NO, and
NO;". Then, we focused on the determination of short-lived
species potentially produced in the PBS. Some of these species
have been hypothesized in the literature, including
hypochlorite anion (CIO’) and peroxynitrite anion (ONOQO’) 45,49,
but never formally and experimentally characterized. We
demonstrate herein by combining different experimental
strategies the formation of peroxynitrite anion in CAPs
exposed PBS.

Material and methods
PLASMA SETUP AND DIAGNOSTICS

This journal is © The Royal Society of Chemistry 2016



The experimental setup is presented in Figure 2-a.
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Figure 2. a. Setup for CAP generation and its analysis by Optical Emission
Spectroscopy (OES). b. Electrical signals involved for CAP generation. One period
of the applied voltage and Dielectric Barrier Discharge (DBD) current are
depicted. Parameters: amplitude of the pulsed applied voltage 7.5 kV, frequency
of the pulsed applied voltage 10 kHz, duty cycle of the applied voltage 1 %.

The plasma reactor is made of a quartz capillary tube (inner
and outer diameters are 1.2 and 3 mm, respectively) into
which a thin tungsten electrode (filament of 0.125 mm
diameter) is supplied by a High Voltage (HV) industrial nano-
pulsed power supply. A cylindrical grounded electrode (tube
with inner and outer diameters of 3 and 10 mm, respectively,
10 mm in length) is attached at the outer surface of the tube.
The end of the filament is facing the outer end of the
grounded tube, forming thus a DBD of about 10 mm long. The
applied voltage is maintained constant with the following
parameters: pulses of 7.5 kV in amplitude, 10 kHz of repetition
frequency, 1 % of duty cycle (ratio of HV pulse width over the
period). HV and current waveforms are followed by using
specific voltage (Tektronix P6015A, bandwidth 75 MHz) and
current (Pearson wideband current probe, 1 V.A-1) probes
connected to an oscilloscope (Tektronix TDS3054B, 500 MHz-5
GS.s-1). Snapshot of typical electrical signals can be observed
in Figure 2-b, which shows that two current impulses which
last less than one hundred nanoseconds are obtained during
the rising and falling parts of the voltage waveform, confirming
the capacitive behaviour of the present reactor configuration
50

The carrier gas used for all the experiments was helium of high
purity (Linde, 99.9995 %), while a small quantity of nitrogen N,

This journal is © The Royal Society of Chemistry 2016

(Linde, 99.9995 %, 1 % in volume) was added, maintaining a
total gas flow of 2 sIm. Mixtures and gas flow were adjusted
with mass flow controllers (EL-FLOW, Bronkhorst High-Tech)
connected to a flowbus (Figure 2-a). According to this
configuration, the CAPs produced are initiated in the quartz
tube with a DBD spatially determined by the powered and
grounded coaxial electrodes. The high electric fields formed at
the sharp tip of the filament allow the formation of specific
ionization waves, which are guided by the dielectric quartz
tube and the channel formed from the penetration of the
working gas in the atmospheric air.

The plasma emission from an axial zone of 5 mm in width and
centred at 5 mm downstream the quartz tube orifice, was
spatially-integrated with a diaphragm and probed by UV-
visible (200-900 nm) Optical Emission Spectroscopy (OES), in
order to identify emissive gaseous species produced during the
ionization wave propagation in the air. The emitted light is
focused on the grating of a high resolution spectrometer
(1000M JOBIN YVON, 1200 grooves.mm'l, blazed at 500 nm)
equipped with a CCD 3000V light detector. The light is
collected with an optical fibre (Ceramoptec UV 1500/1590 N).
For more information about the interpretation of relative OES
intensities, see reference 51

PLASMA TREATED PHYSIOLOGICAL SOLUTIONS, pH AND
CONDUCTIVITY MEASUREMENTS

2 mL of PBS solutions (Phosphate Buffer Saline, PAN BIOTECH
KCl 0.003 mol.L* KHZPO4 0.002 mol. L ; NaCl 0.137 mol.L™
Na,HPO, 0.01 moI.L , without Mg */Ca? ) were treated in a 6
wells plate (FALCON, sterile tissue culture plate), for various
CAP exposure times (2 minutes 30 seconds, 5 minutes, 10
minutes). The distance between the end of the quartz tube
and liquid surface was fixed at 15 mm.

Conductivity measurements were performed (Radiometer
Analytical, CDM 210) at room temperature under magnetic
agitation in samples within 1 hour after plasma exposure. pH
measurements were carried out immediately after plasma
exposure with a pH meter (Eutech instruments, pH 700 meter)
under magnetic agitation too, and after transferring the
sample into a haemolysis tube. All measurements were carried
out in triplicate.

UV-VISIBLE ABSORPTION SPECTROSCOPY

UV-visible absorption spectroscopy was used to detect RNS in
the PBS exposed to He/1%N, CAPs 2, Spectra were recorded
(Cary 5000 spectrophotometer) at room temperature in steps
of 0.5 nm in the [200-500 nm] range using either a 1 cm or 5
cm-path length quartz optical cell (Hellma). The cell length has
been chosen in order to have a maximal absorbance of 1.5 of
the analysed solution. Beer-Lambert law was used to calculate
the concentrations of detected RONS (Eqg. 1):
Ay = YAy =XienilG (Eq. 1)

A, stands for the total absorbance of the solution at the
wavelength A, A4, ; the individual absorbance of a species i at
the wavelength A, g, ; the molar extinction coefficient of the

RSC Adv., 2016, 00, 1-3 | 3



Please do not adjust margins

ARTICLE

absorbing species i (M'l.cm'l) at the wavelength A, | the cell
length (cm) and C; the concentration of the absorbing species i
(M). The molar extinction coefficient of the species in PBS
were found in literature >>** or measured directly; for that,
standard concentrations of nitrite and nitrate ions (NaNO, 2
mM and NaNO; 1 mM) were thus prepared in PBS pH 7.4, and
absorbance of these species was calculated using Beer-
Lambert equation for each wavelength (Eq. 1).

RESULTS AND DISCUSSION
OPTICAL EMISSION SPECTROSCOPY OF CAPs

Using OES techniques, the different main emissions in the
He/1%N, CAP were characterized. The recorded spectrum
consists of various molecular and atomic nitrogen and/or
oxygen species [NO, OH, N, (SPS, Second Positive System),
N,"(FNS, First Negative System), N, (FPS, First Positive System),
0, ...] as well as excited Helium atoms (Figure 3-a). All these
emissions are summarized in Table | in addition with their
radiative lifetime reported elsewhere 1 As shown in Figure 3-
b, it is remarkable that adding a low percentage of nitrogen in
helium induces an important increase of emission from the
NOy system, suggesting an improvement of dissociation
mechanisms of molecular nitrogen and oxygen. Nitric oxide
derivatives thus produced in the CAP might lead to the
formation in the liquid phase of RONS by reaction with O and
OH derivatives.
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Figure 3. a. Optical Emission spectrum from a CAP produced using a mixture of
Helium with 1 % Nitrogen as carrier gas (total gas flow rate of 2 sIm, 7.5 kV, 10
kHz, duE}l cycle 1 %, the optical fiber probes a zone of 5 mm on the plasma axis,
centered at 5 mm downstream the tube orifice). b. Comparison of OES patterns
of the NOy vibrational transitions for the He and He/1%N, CAPs.
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Table 1. Main emissive species measured in the He/1%N2 CAP 1,
Spedies A () Photons Radiative
{w'-w"): vibrational transition) nature lifetime (ns)
L 200-280 range uwc
OH 309 {0-0) UVE 500
N.|5PS) 315.93 (1-0) ; 337.13{0-0} ; A 35-42
35769 (0-1) ; 380.49 (0-2) A
My *[FNS) 391,44 (040} U, G
42781 (0-1); 470.92 (0-2) Visible
N|FPS) 500-900 range Visible-NIR
He 501.5; 5875 ; GGT.ED Wisible-NIR
T06.5 64.6
72813
Q TI53 Visible-NIR 7
Ba4.63 34.7

In these conditions, the rotational temperatures of the probe
molecules, i.e. OH (A-X, v'=0—v’=0 around 309 nm) and
N,(SPS) (C-B, v'=0—v’’=0 around 337 nm), have been estimated
in order to obtain an approximation of the plasma gas
temperature. According to reference > and Figure 4, the
rotational temperatures are close to room temperature, 316 K
and 314 K for OH and N,(SPS) molecules, respectively. It can be
noticed that, if ionization degrees are low (= 10'7-10'8) in these
configurations (see Boeuf et al.,ao), excitation degrees are also
necessarily low, supporting the hypothesis that gas
temperature is lower than the measured temperatures of the
rotational molecular probes used. Elsewhere, vibrational
temperatures of nitrogen molecules have been estimated to
approximately 3000 K by using the Second Positive System of
nitrogen emissions (N,(SPS)) ! This relative high temperature
clearly indicates that produced CAPs are not in thermodynamic
equilibrium, which is an indirect proof of the CAPs chemical
reactivity.
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Figure 4. Rotational temperatures of OH and N,(SPS) molecular probes measured
in the He/1%N,CAP (total gas flow rate of 2 sIm, 7.5 kV, 10 kHz, duty cycle 1 %)
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SOLUTION EVAPORATION INDUCED BY CAPS

We observed a loss of volume, in other words an evaporation
process, for PBS solutions exposed to CAPs. Such observation
has been reported previously 335 bhut obviously depends on
each CAPs system. The evaporation cannot be related to a
temperature since,
rotational temperature analyses described above, the mean
temperature within the CAP
temperature. Evaporation of the liquid may also be simply due

increase during exposure based on

remains close to room
to the gas flow, which is directly applied on the liquid sample
surface. In order to quantify this effect, the remaining volume
of PBS was measured immediately after He/1%N, CAP
treatment, for different exposure times, in comparison with
the gas exposure (He/1%N,) solely. The results are depicted in
Figure 5-a. The first observation is that the evaporation
phenomenon is more important when the duration of CAP
exposure increases, and it can be noticed that about 20 % of
the volume is lost (400 pL over 2 mL) for 10 minutes of
treatment. For 30 minutes CAP treatment, the loss of volume
reaches 50 %. The second observation is the difference
between controls and CAP-treated samples: the evaporation is
increased under plasma influence than with the gas exposure
solely.
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Figure 5. Variations of volume (a), pH (b) and conductivity (c) in PBS solution
(Vinitial = 2 mL; pH 7.4) after He/1%N, CAP treatment for various exposure times.
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CAP-treated solutions are compared to untreated ones, and to treated ones
whom volume loss was compensated to keep a constant volume (Vfna = 2 mL)
before conductivity and pH analyses.

This fact should be attributed to the well-known coupling
between the ionization waves and the hydrodynamic profile of
the working gas 5783 |n these cited works, it is established that
the plasma ignition highly modifies the working gas flow field
in the atmospheric air. It is like if the interactions between the
ionization wave and the gas flow could lead to the formation
of an electro-hydrodynamic gaseous guide: a tubular sheath of
lower section than the dielectric tube. As a consequence, an
important increase in the gas velocity takes place. This higher
velocity might induce higher evaporation. It is thus noticed
that the control with sole gas, as it is usually performed for
biomedical applications of CAPs, is not an appropriate control,
since the flux dynamic is different after plasma ignition. It is
certainly important to take into account this evaporation
process for the following experiments, especially for the
interpretation of conductivity and pH measurements.

CONDUCTIVITY AND PH CHANGES IN CAP-EXPOSED PBS

Two global parameters showing the possible evolution of the
physical chemistry of CAP-exposed solutions were analysed:
conductivity and pH. First, one may expect that the
accumulation of charged species coming from the CAPs or the
dissociation of plasma reactive molecules in the liquid phase
could modify its overall conductivity. In other words, a
conductivity increase is expected. This was previously reported
in solutions of ultra-pure water treated by gliding arc electrical
discharges ® or in various liquid solutions including water and
saline solutions *. In our experimental conditions, an increase
of the overall conductivity is observed (Figure 5-b), reaching
AG,s o¢ =3 mS.cm™ for 10 minutes of He/1%N, CAP exposure.
But knowing that there is an evaporation phenomenon, we
wanted to evaluate the real contribution of the CAP treatment
in the conductivity variation. The volume of solution has thus
been adjusted (Viinal = Vinitiat = 2 mL) with ultra-pure water and
conductivity was measured again (dashed line in Figure 5-b). It
did not change compare to the control (conductivity of non-
treated PBS). It demonstrates firstly that the conductivity
increase is only due to the evaporation phenomenon and
secondly, that the concentration of species (RONS)
accumulating in the PBS is not sufficiently high (see below for
quantifications) to modify its conductivity. Furthermore, when
considering biomedical applications of CAPs (for instance
wound healing 11713), one should take into account that the
evaporation of a biological fluid and the ensuing conductivity
change is not negligible and it will affect the local effects of
CAPs.

Besides, pH measurements have also been realized on PBS
solutions exposed to CAPs for different exposure times (Figure
5-c). Most of the reported studies show that there is an
acidification of the liquid media after CAPs treatments 8
Although it is possible to observe a pH increase under certain
conditions, i.e. with a DBD plasma reactor enclose in a N,

RSC Adv., 2016, 00, 1-3 | 5



atmosphere 65, in our experimental conditions, He/1%N, CAP
treatments induced a pH decrease of the buffered solution,
until -0.18 pH units for 10 minutes exposure. Knowing that
there is also an evaporation phenomenon, we checked that
the acidification had no link with it. The volume has thus been
adjusted with ultra-pure water (Viina = Vinitial = 2 mL) after
plasma exposures and pH was measured again (dashed line in
Figure 5-c). The results show that there is a real acidification of
the PBS following its exposure to He/1%N, CAP. Because the
pH of a buffer is independent of the dilution, the evaporation
phenomenon cannot this These
experiments proved the accumulation of acid species in the
liquid medium after plasma treatment, knowing that their
concentration may be sufficiently high to overcome the buffer
ability of PBS 10 mM at pH 7.4. According to Smith et al., 38
some acid RNS could be responsible of this pH decrease, such
as nitrous acid (HNO,), nitric acid (HNOj3), or peroxynitrous acid
(ONOOH). Based on our OES results described above, these
species may be generated inside the plasma45 due to the NOy
reactivity, as well as due to atomic oxygen and hydroxyl
radical. Eventually, the RONS species might end up in solution
in chemically stable species including nitrite and nitrate anions,
nitrosamines, and possibly to hydrogen peroxide.

explain acidification.

MEASUREMENTS OF STABLE NITROGEN SPECIES PRODUCED IN
PBSPH7.4

UV absorption spectroscopy has been employed for the
identification of the stable RNS dissolved in CAPs-exposed PBS
solutions at physiological pH (7.4). Spectra were recorded
between 250 and 400 nm only since first, the absorbance of
PBS is dominant in the [200-250 nm] region and second, no
species absorb in the [400-500 nm] region. Figure 6-a shows
absorbance spectra of PBS solutions treated by He/1%N, CAP
for 2 minutes 30 seconds, 5 minutes and 10 minutes. These
graphs depict three main contributions corresponding to the
absorbance of hydrogen peroxide (H,0,) around 260 nm,
nitrate (NO,) around 300 nm and nitrite (NO,’) peaking at 354
nm % In addition, the absorbance bands increase in amplitude
with the exposure time, suggesting an accumulation of these
species in the solution. Then, we evaluated respective
concentrations of nitrite and nitrate in the exposed solutions
using Eq. 1. For this purpose, we first determined in our
experimental conditions (PBS) the exact molar extinction
coefficients of each species (NO3; and NO,’), which can differ
from data of the literature usually obtained from solutions of
nitrite and nitrate in pure water. The corresponding molar
extinction coefficient values are reported in Figure 6-b. It
shows that NO,- has a large absorption maximum in the range
[340-400 nm], while the one of NO,- is detected in the [260-
340 nm] range and is lower in intensity than that of nitrite. It is
noticed that the molar extinction coefficients measured herein
are in good agreement with values reported for pure water 66,
suggesting that there are no interactions between salts of the
PBS and these species.

6 | RSC Adv., 2016, 00, 1-3

Based on these data, exact concentrations of nitrite (NO,) and
nitrate (NO3') were calculated and plotted as a function of CAP
exposure-time (Figure 6-c). In a general manner,
concentrations are in the order of hundreds of micromolar; for
example, 10 minutes of CAP-treatment lead to 590 + 70 uM of
NO, and 460 + 80 uM of NO;. Moreover, concentrations
increase regularly with CAP exposure-time for both
compounds. In comparison with other studies reported so far,
the quantities and proportions of these species are depending
on the plasma system features and the type of the treated
liquid 4585, in particular, Hensel et al., found less than 20 uM of
NO, in water treated 5 minutes by a helium “plasma jet” with
a frequency of 2 kHz (1.7 slm He, 9 kV, treated volume 2 mL)
43; Machala et al., found higher NO; concentrations, reaching
1 mM in a phosphate buffer (2 mM Na,HPO,/KH,PO, in water)
exposed to electro-spraying through DC-driven positive

transient spark discharge in air 8.
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molar extinction coefficients of NO, and NOs solutions in PBS pH 7.4. c. Nitrite
and nitrate concentrations in CAP-exposed PBS calculated from curves in a. and
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Firstly, it is worth noting that the buffer capacity is preserved
regardless of the observed acidification. Indeed, the pH
variation does not exceed one pH unit. The presence of NO,
and NOj; can be directly correlated to pH results. Since we
observed a decrease of pH, NO, accumulation could be
attributed to the prior existence of nitrous acid HNO,. HNO, is
a weak acid (pKa([HNO,/NO,]) = 3.3 >3 reacting quantitatively
with the base of the buffer, HPO42' (K = 10™9) leading to
H,PO, and NO,. Similarly, the presence of nitrate in the PBS
treated by He/1%N, plasma could be attributed to the prior
generation of nitric acid (HNO3), which is a strong acid leading
quantitatively to H,PO, and NOj". As mentioned above, these
two acid species could be generated in situ in the plasma s
and subsequently react with the PBS causing a decrease of the
ratio [HZPO4']/[HPO42']. Because the pH is equal to pKa([H,PO,
]/[HPO42']) + Iog([HPO42']/[H2PO4']), the production of HNO,
and HNOj; has the consequence to diminish the pH. Nitrite and
nitrate can also be formed by the reaction of nitric oxide
radical NO° (originating from the NOy system) with oxygen, or
from the reaction of NO° with 0,°, which leads to the
formation of peroxynitrite (ONOO/ONOOH). Peroxynitrous
acid is an unstable acid (pKa = 6.8) at physiological pH 7.4 6769
which converts mostly into stable NOj3’; the exact involvement
of peroxynitrite will be discussed later.

Overall, these results demonstrate that millimolar
concentrations (in total) of stable ionic nitrogen species are
generated in PBS after He/1%N, CAP treatments. Though
being substantially high, such concentrations of nitrite and
nitrate should not modify the conductivity of the treated PBS,
since its conductivity is determined by its high concentration of
NaCl (about 140 mM). This shows that conductivity is not a
reliable proof of the presence of plasma-induced charged
species in the liquid, but rather it gives information about the
evaporation process and its the overall
conductivity of the treated samples. In addition, the
evaporation phenomenon could have a direct influence on the
gas flow propagation inside the plasma 70, modifying
dynamically its composition during the treatment. These
complex and various physico-chemical phenomena have to be

influence on

taken into account for a better understanding of the observed
effects of CAPs in biomedical applications.

DETECTION OF AN UNSTABLE RNS: PEROXYNITRITE ANION

Nitrite and nitrate are poorly reactive species by themselves,
though a new research field related to the Biology of nitrite
has emerged recently, react with
haemoglobin and be converted to NO° o0t is commonly
considered that the biologically-efficient RNS are ONOO’, NO,°,
N,O;, which induce nitration and nitrosation of proteins

since this anion can

(tyrosine residues) and nucleic acids. Since these species form
ions, they were
hypothesized recently as intermediates generated in solutions

at last the stable nitrite and nitrate
by CAPs 334385 paroxynitrite is of major interest since its half-

lifetime at pH 7.4 is about 1 second 72, which allows its
diffusion in solution and reactions with cells and biological
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structures "2, For instance, peroxynitrite anion can react with
proteins (transition metal centres, amino acids etc...), nucleic
acids (DNA damaging) but it can also affect functions of
organelles such as mitochondria 8871 There is thus a real
necessity to know if this species can be generated in CAPs
systems. The formation of peroxynitrite was strongly
suspected by Lukes et al., 3 in PAW at pH 3.3 thanks to a
kinetic study of the post-discharge reaction between H,0, and
NO, . Besides, by using an usual but non selective fluorescent
probe for ONOO™ (DCFH-DA), Machala et al, 48 indirectly
estimated peroxynitrite concentrations of tens of uM
produced by DC-driven transient spark discharges operating in
atmospheric air.

We developed herein a protocol to measure directly the
production of peroxynitrite in PBS during He/1%N, CAP
exposures. Since the pKa of (ONOOH/ONOO’) couple is 6.8 o874
ONOOQO' is the predominant form in alkaline solutions 7275,
Moreover, ONOO™ has an absorption maximum at 302 nm with
a high molar extinction coefficient of 1670 Mtem™ at this
wavelength 78, Thus, we prepared PBS solutions at pH 12 (PBS
7.4 alkalinized with NaOH). In comparison with above results
at pH 7.4, solutions of PBS pH 12 were treated for 5 and 10
minutes by He/1%N, CAP, keeping the same electrical and
fluidic parameters. Samples were analysed by UV-visible
absorption spectroscopy (250-400 nm range). Spectra depict
two main bands: one peaking at about 295 nm corresponding
to the contribution of an unknown species and a second one at
about 355 nm, fairly corresponding to nitrite (Figure 7-a). Both
species rise in concentration with CAP-exposure time.

a) I
—— 10 min
\ v ’ 5 min

Absorbance

— )

260 280 300 320 340 360 380

b) Wavelength (nm)

L -----PBS
\ Water

260 280 300 320 340 380 280 -
Wavelength (nm)

Figure 7. a. UV absorption spectra of PBS solutions (pH 12) treated by He/1%N,

CAPs at different exposure times (5 and 10 minutesf. b. Comparison of spectra

measured in alkaline water and PBS both at pH 12, treated 5 minutes by
He/1%N, CAP.
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Regarding the band at 295 nm, it has been suggested by
Wende et al., * that this contribution could be due to the
formation of hypochlorite anion ClIO’, which has an absorption
maximum at 292 nm (€365 nm = 350 M™.cm™ ”’) and which could
be formed simply from the reaction of the plasma with Cl ions
in the buffer. In order to check this hypothesis, a control was
achieved with a solution that does not contain any chloride
anions. Alkaline pure water at pH 12 was treated 5 minutes by
He/1%N, CAP (Figure 7-b) and provided a very similar
absorption spectrum to the one of PBS at pH 12. The same
peak is observed around 295 nm, proving that this band
cannot be due to hypochlorite anion since it cannot be formed
in pure alkaline water (which is free from chloride anions),
treated by the He/1%N, CAP.

OES spectroscopy has shown that there is a large amount of
NO molecules in He/1%N, CAP compared to He CAP (Figure 3-
b) and as mentioned above, it is very likely that superoxide
anion radical 0,% is also produced in the plasma phase, as
shown in previous studies 414578 Consequently, if these two
species are simultaneously present in CAPs or in the liquid
phase, they will unambiguously react together to form
peroxynitrite anion (reported reaction kinetics in solution
range from 3.7 + 1.1x10" M™s? to 2x10"° M 68’71’74’79). In
order to determine if ONOO is really formed in our
experimental conditions and is the unknown species observed
in Figure 7-a, we calculated the concentration of each species
that possibly absorbs in PBS pH 12 treated 10 minutes by
He/1%N, CAP i.e. ONOO, NO,, and HO,. Indeed, at alkaline
pH, H,0, is not the major species since it exists in equilibrium
with hydroperoxide anion HO, (pK, of 11.6 80), which absorbs
at observed wavelengths. The molar extinction coefficients of
these three species were then measured in PBS pH 12 and
plotted (Figure 8-a). As only ONOO™ and NO, absorb between
350 and 400 nm (Figure 8-b), their concentrations in the PBS at
pH 12 treated 5 or 10 minutes by the He/1%N, CAP were
calculated by resolving a system of equations at two
wavelengths (Eqg. 2 and Eq. 3) using Eq. 1:

Assa = €35an0; L INOZ] + €3540n00- L [ONOOT]  (Eq.2)

Ase0 = E360n05 L INOZ] + €3600n00- L [ONOOT]  (Eq.3)
In the region [250-350 nm], calculated [NO3]and [ONOO~]
concentrations were used further to estimate [HO3 ] according
toEq.4:

Azeo =

€260n05 L INOZ ]+ €3600n00- L [ONOOT] + €360 05 L [HO7] (Eq.4)

Based on this approach, we were able to estimate maximal
concentrations (Table 2) of nitrite, peroxynitrite
hydroperoxide anions present in solution. Let us note
however, that these concentrations are probably slightly
underestimated because of the experimental delay between
solution preparations and absorbance measurements (at most
20 minutes).

and
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calculated using Beer-Lambert law and the resulting sum-up absorbance A, of
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experimental one. c. Comparisons of spectra recorded in PBS pH 12 treated 5
and 10 minutes by He/1%N, CAPs (Acy,.) with calculated ones.

Table 2. Calculated concentrations of NO,, ONOO™ and HO; in the PBS pH 12
treated 5 and 10 minutes by the He/1%N2 CAP.

He/1%N,CAP  [NO;](uM]  [ONOO|{uM]  [HO; ] (uM)
exposure time
S min 320 £ 60 20+1 120 £ 30
10 min 540 + 100 47 +3 200 £ 50
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Following, it is possible to calculate the absorbance spectrum
of each species in the full range of wavelengths studied, e.g.
[250-400 nm]. Note that the high molar absorption coefficient
of peroxynitrite ( ¢ gnoo— = 1670 M™.cm™ at 302 nm) allows
the detection of weak concentrations of this species (for
instance 20 uM for 5 minutes of CAP treatment) quite reliably.
The total absorbance A was obtained by summing-up the
individual absorbances previously calculated (grey dashed line
in Figure 8-b and 8-c) and was compared to the experimental
curve A, (blue solid line in Figure 8-b and 8-c) for PBS at pH
12 treated 5 and 10 minutes by He/1%N, CAP. The excellent
agreement between A, and A.,, shows that peroxynitrite is
very likely to be the species giving an intense absorbance
signal around 295 nm.

This conclusion was further validated by the kinetic and
reactivity features of solutions exposed to the He/1%N, CAP.
First, we used a very common assay for peroxynitrite in
biomedical studies, which consists in detecting 3-nitrotyrosine
adducts following the reaction of nitrogen dioxide NOZE,
formed during peroxynitrite decomposition, with L-tyrosine
(see Supplementary Information section). The concomitant
disappearance of the peroxynitrite absorption band and
appearance of a band attributed to nitro-tyrosine, though
being low in amplitude, are in excellent agreement with the
known reactivity of peroxynitrite in the physiological pH
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Figure 9. a. Kinetic evolution of NO, and ONOO™ concentrations in PBS pH 12
treated 10 minutes by He/1%N, CAP. b. Resulting spectrum after 24 hours post-
treatment.
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Second, we observed from the measurements at pH 12
(Figure 8) that the absorbance at 295 nm slowly decreased
with time while the one at 355 nm was maintained (See Figure
9-a for quantifications). After 24 hours post-treatment, the
first one almost vanished and allowed us to identify the
remaining species in the alkaline PBS: NO, and HO, (Figure 9-
b). This kinetic evolution of the spectra may be explained by
the relative instability of peroxynitrite in our experimental
Generally, peroxynitrite acid and basic forms
decompose in aqueous solutions to NO3; and NO, in various
pH, temperature,
concentration, chemical reaction with other species (CO,,
phosphates)...72’75’81’82. First, in order to verify if the solution
decomposition could be accelerated by a pH-decrease, we
measured the pH evolution of PBS over 24 hours post-
treatment by CAPs. pH values remained stable, that is 11.88 +
0.03 and 11.96 + 0.01 for 10 and 5 minutes of treatment,
respectively. It must be noticed that the PBS at pH 12 is still a
phosphate buffer, since it exists an equilibrium between
HPO42’ and PO43’ (pKa = 12.40), and provides a stable pH.
Consequently, this shows that the ONOO- decomposition does
not involve a pH-variation during the post-treatment time.
Besides, it was previously clearly demonstrated that at pH
higher than 10, the decomposition of ONOO' into NO, prevails
73, Accordingly, we did not measure significant quantities of
NO;™ at pH 12 in decomposed solutions. While the absorbance
band at 295 nm, related to peroxynitrite concentration,
decreased until a value close to zero after 24 hours post-
treatment, nitrite concentration increased by a few tens of
micromolars, i.e. 20 %. This quantity is equivalent to the
estimated concentration of peroxynitrite upon the
deconvolution of spectra. All these observations validate the
hypothesis of peroxynitrite formation and detection in
solutions exposed to CAPs.

In addition, it appears that the concentrations of nitrite
obtained in PBS at long term (hours timescale) at pH 12 (540 +
100 puM) or rapidly (after few minutes) at pH 7.4 (590 £ 70 uM)
following a 10 min-CAP treatment are much higher, about one
decade, than the ones corresponding to peroxynitrite. This
clearly demonstrates other mechanisms for NO; and NO,
generation in solution. According to pH decrease reported

conditions.

ratio as function of multiple factors:

above, these two species are more likely originating mostly
from NOy acidic derivatives such as nitric and nitrous acids
formed within the plasma phase. This result is in agreement
with a recent study which shows that a majority of RONS
measured in liquids are coming from plasma phase 8,
Eventually, peroxynitrite is formed transitorily at pH 7.4, it
lasts over a second time-scale compatible with its known
biological effects, or decompose to nitrite and nitrate as we
observed in our CAP-exposed physiological PBS solutions.

CONCLUSION

The physical chemistry of a physiological liquid medium (PBS)
treated by He/1%N, pulsed ionization waves at atmospheric
pressure was studied so as to decipher on the mechanisms of
widely reported biological effects of CAPs. First, we observed a
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significant evaporation of solutions under gas flow exposure
and its amplification under CAP treatment. This phenomenon
must be taken into account for biomedical applications since it
modifies locally the concentration of ionic species, that is the
whole conductivity and ionic strength of treated fluids. Two
major stable nitrogen species were detected and quantified in
CAP-treated PBS pH 7.4, namely nitrite and nitrate at
concentrations in the range of hundreds of micromolar. Their
formation was related to an acidification of the exposed PBS
solutions, showing that they may originate from the NOy
species existing in the plasma phase, including nitric acid and
nitrous acid species. We developed a strategy to demonstrate
the transient formation of peroxynitrite in PBS, based on
analyses in phosphate buffer at alkaline pH.
Spectrophotometry studies showed that hypochlorite anion is
not formed in both He/1%N, CAP-exposed pure water and PBS
solutions. Contrarily, ONOO™ was unambiguously detected in
alkaline solutions, i.e. in conditions favoring its chemical
stability and analysis. The presence of peroxynitrite in the
liquid phase was correlated with the observation of its mother
species, reactive nitric oxide and oxygen derivatives, in the
He/1%N, CAP. Finally, this work shows that short-living and
highly reactive chemical species can be effectively present in
CAP-treated biological fluids and enlightens the necessity to
develop novel physico-chemical approaches to better
characterize them in situ.
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