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Qualitative detection of peroxynitrite/peroxynitrous acid (ONOO™/ONOOH) as one of the key
bactericidal agents produced in cold air plasma activated aqueous solutions is presented. We examined
the use of the 2,7-dichlorodihydrofluorescein diacetate (H,DCFDA) fluorescent dye to detect ONOO™/
ONOOH in plasma activated non-buffered water (PAW) or buffered solution (PAPB) generated by
DC-driven self-pulsed transient spark discharge at atmospheric pressure in ambient air. The diagnostic
selectivity of H,DCFDA to reactive oxygen and nitrogen species (RONS) typical of plasma activated
aqueous solutions was examined by using various scavengers of RONS. This cross-reactivity study
showed the highest sensitivity of the H,DCFDA dye to ONOO ™ /ONOOH. However, besides ONOO™/
ONOOH, H,DCFDA also exhibited sensitivity to hypochlorite anions/hypochlorous acid (OClI™/HOCI),
showing that for a selective study it is important to have an idea about the possible constituents in the
studied solutions. The sensitivity of H,DCFDA to other RONS even in much higher concentrations was
negligible. The presence of nitrites (NO, ™) and hydrogen peroxide (H,O,) in PAW led predominantly to
the production of peroxynitrous acid with a strong fluorescence response of H,DCFDA in PAW. Plasma
treatment of buffered solutions led to the weak response of H,DCFDA. The fluorescence induced in
PAW decreased after scavenging individual reactants, namely NO,~ and H,O,, as well as by scavenging
the product of the peroxynitrite forming reaction, proving that the fluorescence response of H,DCFDA is

Received 13th February 2019, primarily due to the formation of ONOO /ONOOH. A chemical kinetics analysis of post-discharge
Accepted 1st April 2019 processes and the pseudo-second order reaction between H,O, and NO,~ confirms formation of
DOI: 10.1039/c9cp00871c peroxynitrous acid in PAW with a rate in the order of tens of nM per second. The post-discharge
evolution of the ONOOH formation rate was clearly correlated with the parallel detection of ONOO ™/
rsc.li/pccp ONOOH by fluorescence spectroscopy using the H,DCFDA dye.
1. Introduction in vivo, results in the formation of peroxynitrite anions
(eqn (1))

Peroxynitrites i.e. the peroxynitrite anion (ONOO ) and peroxy-

nitrous acid (ONOOH) are reactive nitrogen species of bio-

logical relevance that are known to be formed in vivo. The ONOO™ exists in equilibrium with its conjugated acidic form -

very fast reaction (~10°-10"° M~" s7")'"® of free superoxide peroxynitrous acid ONOOH (pK, 6.8) - (eqn (2)) and both

0,°" and nitric oxide *NO radicals, if present simultaneously species are present under typical biological conditions
(~80% of ONOO™ at pH 7.4).

*NO + 0,°~ - ONOO~ 1)
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injury, neurodegenerative diseases, cardiovascular disorders,
atherosclerosis and severe inflammation conditions.>”"® Owing
to this fact, peroxynitrite chemistry has been excessively inves-
tigated in biology and biochemistry with the focus on physio-
logical conditions. Herein we present the peroxynitrite chemistry
induced by cold plasma in liquids which involves processes at
both acidic and neutral pH, with respect to its biological impor-
tance and bactericidal effects.

In recent years, cold (low-temperature) atmospheric pressure
plasma treatment of bacteria, cells and tissues with or without
contact with liquids has been shown to induce important
biological effects, e.g. antimicrobial, therapeutic or apoptotic
effects,”" which lead to various interesting bio-medical
applications,? e.g. non-thermal decontamination/sterilization
of liquids, heat sensitive materials or living tissues,’*™* appli-
cations in dentistry,'®'® wound healing,"*>' treatment of
infective skin diseases or cancer treatment.*>>* Moreover,
different studies demonstrated that aqueous solutions or
media treated by cold plasmas, known as plasma activated
water/media (PAW/PAM), possess significant antimicrobial®>>®
or therapeutic properties.”*" These effects can be attributed to
formation of reactive oxygen and nitrogen species (RONS), and
chemical changes induced by cold plasma treatment due to
plasma-chemical reactions at the gas-liquid interface.*>*
Antimicrobial properties in air plasma activated non-buffered
aqueous solutions are mainly attributed to the synergistic
effects of the produced hydrogen peroxide H,O, and nitrites
NO, ™ and the acidified pH.>>?%3>7%°

Plasmas generated in ambient air or in gases with an
admixture of N, and O, in direct contact with liquids generate
gaseous RONS (e.g. nitrogen oxides NO,, *OH and °*OOH
radicals, H,0,, HNO,, HNOj3, O3, etc.) which can penetrate or
dissolve into the liquid and initiate chemical processes gene-
rating aqueous RONS. The most dominant aqueous species in
PAW are long-lived species, such as H,0,, NO,™ and NO;, or
transient species like ONOO /ONOOH, O,* /*OOH, *OH, *NO
and *NO, radicals. Nitrites (NO, ) and nitrates (NO3;~ ) in PAW
are typically formed via the dissolution of gaseous nitrogen
oxides NO, (*NO and °NO,), which is linked with the produc-
tion of H" (H;0") ions. This NO, solvation, therefore, results in
acidification of non-buffered plasma activated solutions. H,0,
is predominantly formed in the gas phase,***' as well as in
PAW through the recombination of *OH radicals produced by
plasma at the gas-liquid interface or via HO,*/O,* .** The
acidic conditions of PAW and the presence of NO,  and H,O,
initiate the peroxynitrite chemistry and formation of the
ONOO /ONOOH couple during the plasma treatment, as well
as during the post-discharge period via the reaction (eqn (3)):

NO,~ + H,0, + H" - ONOOH + H,0 (3)

Besides that, formation of ONOO™ from °*NO and O,*  at
neutral or alkaline pH is possible in buffered solutions
(eqn (1)). Since some plasma sources emit significant UV
emission, the possible formation of ONOO™ due to UV photo-
lysis of aqueous nitrites should not be neglected.*’ In addition,
ONOO™ /ONOOH might be also formed during plasma treatment
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in the gas phase, for instance by the reaction of gaseous H,0, with
HNO, or the reaction of *OOH with *NO, subsequently followed
by their fast dissolution due to the extremely high Henry’s law
solubility coefficient.** The actual form, the life-time and the
reactivity of ONOO™ /ONOOH are strongly pH-dependent. ONOOH
present mainly in acidified PAW can in addition act indirectly
through its acidic decomposition products - *OH and °NO,

radicals (eqn (4)).5%%*
ONOOH «> *OH + *NO, (4)
ONOOH — HNO; —» NO;~ + H' (5)

Although only ~30% of ONOOH decays into *OH and °*NO,
radicals (the rest dissociates into NO;~ via HNO; (eqn (5))),***
*OH and °NO, radicals induce strong cytotoxic effects and
together with the acidic pH are assumed to be responsible
for the strong bactericidal effect which has been described
in multiple publications. Peroxynitrites even play a key role
in the post-discharge bactericidal effect of PAW,>6:38:39:49751
Additionally, ONOOH participates in the formation of per-
oxynitric acid (O,NOOH) by the reaction with H,0,, which
can also contribute to the bactericidal properties of PAW.>’
The detection of peroxynitrites in general is difficult because
of their high reactivity, very short life-time ranging from milli-
seconds to seconds, spontaneous decay, and typically very low
concentrations (~nM) in biological systems. Likewise, the
same problems arise in plasma activated liquids. Despite the
present literature highlighting the importance of peroxynitrite
chemistry for the antimicrobial properties of PAW, up to now
only a few papers have demonstrated evidence of either the
directly or indirectly measured presence of ONOO /ONOOH in
plasma activated liquids. Most of the techniques for assaying
peroxynitrites use indirect methods relying on measurements
of secondary species. Indirect biochemical assays are mainly
based on the nitration of tyrosine by ONOO™ and posterior
detection of formed 3-nitrotyrosine by immunochemical or
chromatographic techniques. This assay was used by Girard
et al.”> who developed a method to detect ONOO™ anions in
alkaline buffered solution treated by He/N, (1%) plasma pre-
suming that ONOO™ is formed from O,°~ and *NO (eqn (1)).
Based on the absorption measurements and molar extinction
coefficients of the system NO, /HO, /ONOO™, ~20 uM of
ONOO™ was calculated after 5 min plasma treatment. This
result was validated by an assay based on monitoring 3-nitro-
tyrosine adducts by absorption spectroscopy following the
reaction of *NO, formed during ONOO™ decomposition with
L-tyrosine in PBS treated by plasma. Furthermore, UV absor-
bance is used for detection in separation techniques. ONOO™
anions in aqueous solution give a spectrum with the maximum
absorbance at 302 nm (¢ = 1670 M~ ' cm™ %), but also at 322 nm
(¢ = 1308 M~ ' ecm™')."® However, in aqueous solutions, espe-
cially PAW containing ONOO™ and much higher concentra-
tions of NO; ™~ (with absorption at ~300-302 nm), the use of UV
spectrometry may be problematic due to the overlap of their
spectra. ONOOH has an absorption maximum at ~240-250 nm
(¢ = 770-700 M~ " cm™*) with no appreciable absorption above
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300 nm.”*** Oehmingen et al.>® attempted to prove the for-
mation of ONOO /ONOOH by absorption measurements of
plasma activated saline, or solutions of H,0, and NaNO, and
their mixture at acidic pH. They observed the appearance of a
new absorption maximum at 302.5 nm after mixing these
components at acidic pH, which was attributed to the formation
of ONOO ™ /ONOOH by addition of NO, to acidic H,O, solution.
The same absorption maximum at 302 nm was detected in
plasma activated saline after treatment by surface-DBD in
atmospheric air.

Another approach based on using phenol as a reactive
species indicator was used by Lukes et al** and Laurita et al.”®
Hydroxylated phenol degradation products and nitrated degrada-
tion by-products were detected after direct treatment of phenol
solution by pulsed or DBD discharge above the liquid surface. The
same degradation products were formed in the phenol solution
mixed only with PAW due to the post-discharge induced chemical
processes. All detected degradation products gave clear evidence
of the formation of *NO,, *NO and *OH radicals at the gas-liquid
interface and in the bulk liquid, from which *OH and *NO, are
known to be products of ONOOH decay chemistry. Additionally, a
chemical kinetics analysis of post-discharge chemical processes in
PAW as well as in artificial PAW simulated by a respective mixture
of NO,  and H,0, was performed by Lukes et al®® From the
kinetics between H,0, and NO,  according to the reaction
(eqn (3)), the formation rate of ONOOH in PAW was calculated
in the range 10°-107° Ms ™" for given experimental conditions.

Furthermore, electrochemical sensors or oxidation of chromo-
phores and fluorescent and chemiluminescent probes by per-
oxynitrites are used for in vivo detection under physiological
conditions, e.g. dihydrorhodamine 123, dichlorodihydrofluor-
escein, luminol or novel fluorescent probes.>™>° Fluorescence
detection of peroxynitrites by folic acid in PAW activated by an
atmospheric pressure plasma jet was used by Zhou et al?®
Based on the calibration the rate constant of peroxynitrite
formation was determined to be ~1.6 x 10~% M s~'. However,
it must be noted that fluorescence methods have some limita-
tions which have to be considered in the evaluation of experi-
mental results. Because of their possible cross-reactivity,
knowledge of the reactivity of the used dyes with different
oxidants and the proper use of scavengers and inhibitors is
required.®”®" Similar to electrochemical sensors, some fluor-
escent probes are pH-dependent, which may be a limiting
factor, especially for their use in acidified PAW.

The present study addresses this possibility of qualitative
detection of the peroxynitrite/peroxynitrous acid couple (ONOO™/
ONOOH) in air atmospheric plasma activated solutions by means
of fluorescence spectroscopy using 2,7-dichlorodihydrofluorescein
diacetate (H,DCFDA) fluorescent dye. The study is based on the
preliminary results presented in our previous paper,*® where the
H,DCFDA fluorescent dye was used to detect ONOO™ /ONOOH in
buffered and non-buffered solution treated by air transient spark
(TS) discharge with electrospray (ES). First, we showed that the
sensitivity of H,DCFDA toward H,0, (at a similar concentration
and pH to that produced in PAW) compared to its sensitivity
toward the PAW was negligible, therefore refuting the effects of
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H,0, on the H,DCFDA fluorescence signal. Furthermore, the
measured fluorescence signal in PAW was significantly higher
than the signal induced in plasma activated buffered solution.
These results were also directly correlated with the strong bacter-
icidal efficacy and plasma induced oxidative stress on bacterial
cell suspensions in PAW compared to plasma activated buffered
solution.

The 2,7-dichlorodihydrofluoresceine diacetate (H,DCFDA)
fluorescent dye is one of the fluorescein derivates and has been
used as an intracellular marker of oxidative stress or intra-
cellular reactive oxygen species. H,DCFDA is one of the most
discussed fluorescent dyes for peroxynitrite detection. The
state-of-the-art on the specificity of this dye brings various
conclusions that are affected by the conditions, whether the
dye is used in a cell-free system or for intracellular measurements.
The possible interferences, mainly for intracellular measurements,
were reviewed, for instance in ref. 60-62. The dye was initially
described as an assay for the measurement of H,O, in the
presence of peroxidase.®® Additionally, it was also found that this
dye shows varied sensitivity to reactive species, such as ONOO™,
*OH, O,*, *NO, or *O0R.***” According to Kalyanaraman et al.,*
H,DCFDA may be used as a redox indicator probe that responds to
changes in intracellular iron signalling or peroxynitrite formation.
Several papers were published about the much higher sensitivity of
the dye toward peroxynitrites (either chemically synthesized or
simultaneously generated from *NO and 0,* ). "* Regarding the
sensitivity of the dye, Possel et al.®” showed that low peroxynitrite
concentrations (1-5 pM) induced a rapid and efficient increase of
the fluorescent form of the dye, whereas Hempel et al”® or
Kooy et al.®® managed to detect increased fluorescence with even
lower peroxynitrite concentrations (<200 nM).

Therefore, after taking into account the positive preliminary
results and on the other hand all possible limitations of using
the H,DCFDA fluorescent dye, we focused our investigations on
ways to achieve specific detection of ONOO /ONOOH by this
dye and employed various RONS scavengers to limit the cross-
reactivity of the dye with different RONS present in aqueous
solutions activated by air plasmas.

In our experiments, non-buffered or buffered aqueous solu-
tions were treated by cold air plasma generated by TS discharge in
ambient air. Solutions were electrosprayed directly through TS
discharge to enhance the gas-liquid transfer of reactive species.
First, possible cross-reactivity of the H,DCFDA dye with various
RONS, which are typically produced in PAW, was checked. Second,
the specificity of various RONS scavengers was investigated with
respect to the H,DCFDA fluorescence response. Third, the fluores-
cence response of H,DCFDA was measured in plasma activated
aqueous solutions directly after plasma treatment. To prove that
ONOO /ONOOH are formed in acidified PAW and they are
responsible for the strong fluorescence response of the H,DCFDA
dye, RONS scavengers for H,O, and NO, ", the reactant species
of peroxynitrite chemistry, as well as the scavenger of its end-
products, were used. Finally, we performed a kinetic study of
post-discharge processes in PAW focused on the formation of
ONOOH followed by the parallel detection of ONOO /ONOOH
with the H,DCFDA fluorescent dye.

Phys. Chem. Chem. Phys., 2019, 21, 8883-8896 | 8885
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2. Experimental set-up and methods
2.1 Transient spark with water electrospray

The experimental set-up of the water electrospray and discharge
plasma system is depicted in Fig. 1. Transient spark (TS) discharge
in positive polarity was generated in ambient air at atmospheric
pressure in a point-to-plane geometry. TS discharge is a self-
pulsing repetitive streamer-to-spark discharge with a very short
duration (< 50 ns) of the spark current pulse (~ 25 A) with a typical
repetition frequency of ~ 1 kHz.*®”"”? The aqueous solutions were
injected by a syringe pump NE-300 (Pump Systems) through the
high voltage (HV) electrode represented by a hypodermic hollow
needle. This allowed the aqueous solutions to flow directly through
the active zone of the discharge with a flow rate of 0.5 mL min ™.
Furthermore, due to the applied high voltage, an electrospray
effect (ES) - a finely nebulizing effect at the needle tip induced
by the electric field - occurred.” Due to micrometric water droplet
sizes, this electrospray enhanced the mass transfer of RONS
formed in the gaseous plasma into the aqueous solutions.
A stainless steel mesh placed above the Petri dish was used as
a grounded electrode, in which the electrosprayed water was
collected. The inter-electrode spacing between the HV needle tip
and the metallic grounded mesh was kept at 10 mm. The
discharge voltage was measured by a HV probe Tektronix
P6015A and the discharge current was measured by a Rogowski
current monitor Pearson Electronics 2877. The electrical para-
meters were processed and recorded during the experiments by
a 200 MHz oscilloscope Tektronix TDS 2024C. Typical current
and voltage waveforms of TS discharge with ES, as well as
its electrical parameters, were documented in detail in our
previous publications.”?®

syringe pump

DC HV power supply

water
flow

needle

1
1
voltage and current :

measurement |

_|__" " Faraday cage | .

Fig. 1 Experimental set-up of air transient spark discharge with water
electrospray.
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2.2 Aqueous solutions

The chemical composition and properties of the aqueous
solutions (initial pH; and electrolytic conductivity o;, pH after
plasma treatment) are listed in Table 1. We used several
phosphate aqueous solutions differentiated according to the
following parameters:

e Buffering activity - buffered (PB and PBS) and non-
buffered (W) solutions.

e pH - acidic (pH ~ 3.2) and neutral (pH 6.9-7.4) solutions.

e Content of chlorine - with Cl (PBS) and without Cl
(W and PB).

All aqueous solutions (except PBS) were prepared by dis-
solution of phosphate salts in Milli-Q water. Weak phosphate
solution (denoted as W) was designed as a model solution to
mimic the conductivity of tap water and has a similar composi-
tion to the phosphate buffered solution (PB). Furthermore, this
weak phosphate solution became acidified after plasma treat-
ment unlike PB, which kept the pH thanks to its buffering
capacity. We refer to all solutions treated by TS with water
electrospray as plasma activated solutions, i.e. plasma activated
phosphate buffer (PAPB), plasma activated phosphate buffered
saline (PAPBS) and plasma activated weak phosphate solution
(PAW). Additionally, acidified weak phosphate solution
(denoted as acidified W) was used to simulate the acidic
environment of PAW without any of the plasma generated
RONS present. This solution did not come into contact with
the plasma at all and its pH was adjusted to the pH value of
fresh PAW treated by TS plasma (i.e. pH = 3.2).

2.3 Chemical analyses of plasma activated solutions

H,DCFDA fluorescence assay. Detection of ONOO™/ONOOH
was performed by fluorescence spectroscopy using the 2,7-dichloro-
dihydrofluorescein diacetate (2-(2,7-dichloro-3,6-diacetyloxy-
9H-xanthen-9-yl)-benzoic acid) (H,DCFDA) fluorescent dye
(Cayman Chemicals). H,DCFDA represents a non-fluorescent
form of the dye. Our samples were represented only by aqueous
solutions, therefore the process of chemical deacetylation
is required. After deacetylation, still the non-fluorescent form
2,7-dichlorodihydrofluorescein (DCFH) can be very easily oxi-
dized to the highly fluorescent form 2,7-dichlorofluorescein
(DCF). A daily fresh working solution of DCFH was prepared
according to the assay described in ref. 67. Briefly, the process
of deacetylation was provided by hydrolysis with NaOH by
mixing 0.5 mL of stock H,DCFDA solution (1 mM prepared in
ethanol) with 2 mL of 0.1 M NaOH solution. The reaction was
stopped after 30 minutes incubation at room temperature by
adding 7.5 mL of 0.1 M phosphate buffer. By this procedure,
10 mL of 50 uM working solution of DCFH was obtained. Prior
to the experiment, a fresh working solution of the dye was
prepared. Due to the possible light and oxygen sensitivity, the
dye was kept on ice, in the dark, and under an argon atmo-
sphere to minimize autofluorescence. Aqueous samples were
mixed with pre-cooled dye directly in 96-well plates (180 pL
sample + 20 pL dye, or 170 pL sample + 10 pL scavenger + 20 pL
dye, respectively), or in a low volume fluorescence cuvette and
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Table 1 Chemical composition and properties of aqueous solutions

Name (abbreviation) Composition pH; pH ;i [mS cm™] cl
Phosphate buffer (PB) 2 mM Na,HPO,/KH,PO, 6.9 6.8 0.56 —
Phosphate buffered saline (PBS) Dulbecco’s PBS w/o Ca, Mg 7.4 7.4 14 +

Phosphate solution (W) 8.5 mM NaH,PO, 5 3.2 0.6 -
Acidified phosphate solution (acidified W) 8.5 mM NaH,PO, in diluted H;PO, (1:1000) 3.2 — 0.53 -

PH; - initial pH, pH - pH after plasma treatment, o; - initial conductivity, Cl - presence of chlorine.

incubated in the dark at room temperature for 2 minutes.®® The
fluorescence measurements were performed using a fluores-
cence spectrometer (Fluorolog® 3 (Horiba Scientific)) or
fluorescence plate readers (Tecan Infinite M200 Pro (Tecan
Group Ltd) and Varioskan® Flash (Thermo Scientific)) using
an excitation wavelength of 495 nm and observing the fluores-
cence at 521 nm. To minimize the impact of autooxidation of
the dye on the fluorescence signal, we measured the control
samples several times per day and then subtracted this fluores-
cence from each sample.

Aqueous RONS, their detection and scavengers. To distin-
guish which part of the fluorescence signal is due to which
reactive species, the following scavengers of RONS were tested:
ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one) (EBS) for
ONOO /ONOOH (Cayman Chemicals), catalase (CAT) from
bovine liver (EC 1.11.1.6, Sigma-Aldrich) for H,0,, taurine (TAU)
and hypotaurine (HTAU) for OCl /HOCI (Sigma-Aldrich), and
sodium azide (SA) for NO,  (Sigma-Aldrich). We also used the
following RONS as chemicals using bottle solutions: sodium
peroxynitrite NaONOO (Cayman Chemical) - 1 mM aliquots in
0.3 M NaOH were stored at —70 °C, further diluted in the above
mentioned pre-cooled aqueous solutions as needed prior to each
experiment, and stored on ice; hydrogen peroxide (Sigma-Aldrich),
sodium hypochlorite (Sigma-Aldrich), and sodium nitrite
(Cayman Chemical) - all diluted in the above mentioned
aqueous solutions as needed; *OH radicals prepared by the
Fenton reaction (1 mM FeSO, + 10 mM H,0,); and superoxide —
prepared by dissolution of KO, (Merck) in buffered solutions.

Furthermore, in parallel to the ONOO ™ /ONOOH detection in
PAW by the H,DCFDA fluorescent dye, we performed chemical
kinetics analysis of the post-discharge processes in PAW. PAW
was withdrawn immediately after plasma treatment and cooled
down to 10 °C. Cooling of the sample slowed the rate of
the post-discharge kinetic processes and allowed us better
sampling in the first 30 minutes in the post-treatment time.
Samples for hydrogen peroxide, nitrites and peroxynitrites were
taken 0; 2.5; 5; 7.5; 10; 12.5; 15; 20; 25 and 30 min after plasma
treatment.

Aqueous RONS in PAW were measured by the following
methods:

e hydrogen peroxide - a colorimetric method, where titanyl
ions Ti*" react with H,O, in the presence of NaN; and create
yellow colored pertitanic acid with the absorption maximum at
407 nm”* (detection limit ~5 uM);

e nitrites - ion chromatography (IC) using the HPLC system
Shimadzu LC-Avp with UV (210 nm) and suppressed conduc-
tivity detection. The treated samples for ion chromatography
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were fixed immediately by phosphate buffer to stop the acidic
decomposition of NO, . Further details can be found in Lukes
et al.* (detection limit 0.25 pM);

e °OH radical produced during the Fenton reaction -
electron paramagnetic resonance (EPR) spectroscopy using an
EMXmicro X-band spectrometer (Bruker BioSpin GmbH.,
Rheinstetten, Germany) and 100 mM 5-tert-butoxycarbonyl-5-
methyl-1-pyrroline-N-oxide (BMPO) as a spin trap. More details
about the EPR procedure can be found in Tresp et al.””

3. Results and discussion
3.1 Cross-reactivity of H,DCFDA with various RONS

Air plasmas generate a number of various RONS in plasma
activated liquids. Many of these species are known to be strong
oxidants,* which may lead to false positive fluorescence signals
due to the oxidant-sensitive character of the dye, if it is not specific
enough. Besides ONOO /ONOOH, as the species of our interest,
the most prominent cross-reactivities may be due to expected high
concentrations of H,0, and OCIl, or the high fluorescence
response of H,DCFDA to the *OH radical and OCl™.7® Beside
these RONS, we also tested the fluorescence response to O,*~ and
NO,  (expecting that a similar effect will be caused by NO;").
Since we used non-saline buffered solution (PB) with neutral
pH (pH 6.9), we can expect that due to the pK, values the aqueous
RONS will be in the following forms: equilibrium of the proto-
nated and the anion form of the ONOO /ONOOH couple
(pKa 6.8), 25% OCl ™ /75% HOCI (pK, 7.5) and predominantly the
anion form of the 0,* /*O0OH couple (pK, 4.8). RONS solutions
were freshly prepared at neutral pH and kept on ice. All handling
of the ONOO /ONOOH samples was performed carefully to
minimize their decomposition (i.e. storage at —70 °C, only fresh
aliquots were used and each aliquot was thawed only once, all
solutions including the dye were pre-cooled and all samples were
kept on ice). However, due to the transient character of ONOO™/
ONOOH and O,* /*OO0H, the real concentrations in the prepared
solutions might be actually lower than the originally prepared
concentration stated in the figures. Considering this, we did not
perform the same type of experiment for the RONS prepared in
the more acidic solution. The data in the following figures are
plotted as mean values + SD on a logarithmic scale; each value is
obtained from at least 3 independent repetitions. For the above
stated reasons, the data represent the qualitative fluorescence
response of certain RONS to the dye and they do not represent any
calibration curve to calculate the ONOO™ /ONOOH concentrations
in real plasma activated solutions.

Phys. Chem. Chem. Phys., 2019, 21, 8883-8896 | 8887



Paper

Fig. 2 and 3 show the fluorescence responses of the
H,DCFDA dye to the aqueous RONS in different concentration
ranges. As can be seen in Fig. 2, the sensitivity of the H,DCFDA
dye to ONOO /ONOOH is much higher (about 1-2 orders of
magnitude) than the sensitivity to OClI"/HOCI of the same
concentrations. Even the low concentrations of ONOO /
ONOOH resulted in a higher fluorescence response than the
same concentrations of OCl"/HOCI. The fluorescence response
of the other tested RONS (H,0,, NO,™, 0,*") (Fig. 3) was not
significant, even though their typical concentrations in plasma
activated solutions are in - hundreds of uM (i.e. H,O,, NO, /
NO;").”” Additionally the response of H,DCFDA to H,0, was
previously checked up to a 1 mM concentration even in a more
acidic environment (pH 2.6) and was found to be insignificant
in comparison with the fluorescence induced by PAW.*
In general, H,O, can imply a strong fluorescence response of
H,DCFDA, but only in the presence of the peroxidase enzyme
e.g. if it is applied intracellularly, which is not our case, or if the
peroxidase enzyme is added externally.

A similar cross-reactivity study of the H,DCFDA dye with
various chemically produced aqueous RONS was performed by
Setsukinai et al.”® and the results were adapted by one of the
main manufacturers of the dye. They similarly observed a
higher fluorescence response to ONOO™ than OCI™; however
the fluorescence response of the dye to H,O, was slightly higher
than to OCl. It needs to be mentioned that this experiment
was performed for only one concentration point for each RONS
(3 uM OCI™ and ONOO™, 100 uM H,0,) and the experimental
conditions differed from ours (e.g. they used organic solvent,
buffered solution and a higher laboratory temperature). Besides
the mentioned RONS, other abundant RONS can be formed in
plasma activated solutions, i.e. *NO, *NO,, *OH or ozone O3,
which might be eventually responsible for cross-reactivities.
From these we can exclude the effects of Oz (due to its trace
concentrations measured in our PAW’””%) and *NO radicals
(due to their minimal fluorescence response to the dye reported
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Fig. 2 Fluorescence signal of the H,DCFDA dye for different concentra-
tions of ONOO/ONOOH and OCl™/HOCIL in phosphate buffer at pH 6.9.
Data are plotted on a logarithmic scale (mean + SD).
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Fig. 3 Fluorescence signal of the H,DCFDA dye for different concentra-
tions of NO,~, H,O, and O,*" in phosphate buffer at pH 6.9. Data are
plotted on a logarithmic scale (mean + SD).

in ref. 61, 62 and 76). *NO, produced by pulsed radiolysis of
aqueous solutions was found to be a more efficient oxidant of
the H,DCFDA dye than the *OH radical according to ref. 64.
Unfortunately it was not in our possibilities to check the effect
of the °*NO, contribution to the fluorescence, though this
possible effect will be discussed later. Similarly, the effect of
the *OH radical will be discussed in the next section.

3.2 Time development of the fluorescence signals of the
H,DCFDA dye with different aqueous RONS and plasma
activated solutions

Plasma-induced chemistry in plasma activated liquids depends
on the pH. The chemistry between the dye and the reactive species
may be affected by the pH, too. In the next step, we measured the
evolution of the fluorescence response of the H,DCFDA dye after
mixing with aqueous RONS from the bottle in neutral (PB) and
acidic (acidified phosphate solution) pH, and with fresh plasma
activated PBS (PAPBS) and phosphate solution (PAW). Fig. 4 shows
the time evolution of the fluorescence signal of the H,DCFDA
dye after mixing (at time 0 min with further sampling at each
2 minutes for fluorescence reading) with all plasma activated
solutions and various RONS at different pH of the solutions.
We compared the response of the dye at neutral initial pH (PAPBS
and 10 pM solutions of RONS in PB) and acidic initial pH (PAW
and solutions of RONS in acidified W). However, it should be
noted that after mixing with the H,DCFDA dye, even the initial
acidic pH of the mixture (PAW or ONOOH) changed to near-
neutral values of 6.6-6.7, and PAPB with the dye increased the pH
to ~7.4, thanks to the strong 0.1 M buffered solution of the dye.
This means that the pH of all measured samples after mixing with
the dye was near-neutral, near the pkK, value of ONOO™ /ONOOH,
and the main difference from the chemical point of view was just
the initial pH of the samples (acidic or neutral).

First, the time development of the fluorescence signal of the
H,DCFDA dye with PAPBS vs. the solution of ONOO™ /ONOOH
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Fig. 4 Time evolution of the H,DCFDA fluorescence signal for various
RONS (10 uM), PAW and PAPBS at different pH. (The pH in the picture
refers to the initial pH. The initial acidic pH of the mixture changed to
near-neutral values after mixing with the H,DCFDA dye.) The control (non-
treated PBS) fluorescence signal is hidden behind OCL /HOCL (pH 6.9).
The 40 uM BMPO-OH spin-trap adduct concentration corresponds to
ca. 6.7 mM *OH according to ref. 79.

(pH 6.9) showed a similarity. Although the fluorescence signals
induced by the PAPBS and ONOO /ONOOH (pH 6.9) were
further growing in time, the fluorescence response of PAW
and ONOOH (the predominant form at pH = 3.2) during the
first 5 minutes was stronger and reached the maximal intensity.
The increase of fluorescence with increasing incubation time
may be due to the further oxidation of products. The OCl™/
HOCI (pH 6.9) induced fluorescence was comparable with the
control (non-treated PB + H,DCFDA dye), but acidified hypo-
chlorites (pH 3.2) induced a strong fluorescence response,
probably due to the formation of HOCI (the pK, of the HOCI/
OCl™ system is 7.5). Interestingly, the response of the H,DCFDA
dye to °*OH radicals produced by the Fenton reaction was
considerably lower than to the plasma activated solutions. We
used 1 mM FeSO, + 10 mM H,0O, for the Fenton reaction, which
were 10-times higher concentrations than in Setsukinai et al.,”®
who observed the highest fluorescence response of the dye to
*OH produced by the Fenton reaction in contrast to our results.
Though, as it was mentioned before, their experimental conditions
were different and it is not clear how long was the incubation time
with the dye, or at which time point of the Fenton reaction the
fluorescence was measured. Besides the fluorescence response of
the dye, we performed a parallel measurement of the formation of
*OH radicals by EPR spectroscopy during the Fenton reaction. By
using the BMPO spin trap, we measured both BMPO-OH (~ 40 uM)
and BMPO-OOH (~48 puM) spin-trap adducts, meaning that both
*OH and *OOH were formed during the Fenton reaction. Iron Fe**
is oxidized by H,0, to Fe*" in the Fenton reaction forming the *OH
radical and hydroxide ion “OH (eqn (6)). The excess of H,0, may
lead to its catalytic reduction by Fe*" and form the *OOH radical
(eqn (7)).%° This reaction is enhanced at acidic pH <3 with the
maximal pseudo-first order rate at pH = 3.5

Fe** + H,0, — Fe*' + *OH + "OH (6)
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Fe’" + *OH — Fe** + *O0H + H' ()

We showed that the response of H,DCFDA is dependent on the
pH of the solution and knowing the pH of the working solution
is important, because the chemistry pathways of aqueous
RONS formed in plasma activated solutions are different at
different pH,*” which may consequently lead to different
results. In ref. 83 it was shown that the oxidation yield due to
oxidation by peroxynitrites is low at pH 2-6 and significantly
increases at higher pH (maximum at pH 8.5-9).

3.3 Scavenger cross-reactivities with RONS

To distinguish which part of the fluorescence signal originated
from which RONS, we tested scavengers of reactive species
specific for certain RONS described earlier in the Experimental
section 2.3. However, beside their target RONS, they still may
act as scavengers towards other RONS, if they are present. This
might cause a problem, since plasma activated solutions are
usually mixtures of various highly reactive species, which may
affect the specificity of some scavengers.

Because H,DCFDA was most specific to ONOO™ /ONOOH
and OCI™/HOCI, as we have demonstrated above, we decided to
test the efficiency of scavengers toward these species and their
possible cross-reactivities. According to ref. 84 and 85, the
low molecular weight selenium compound - ebselen (EBS) -
is described as the most specific scavenger of peroxynitrites due
to the high second-order rate constant of its reaction with
peroxynitrite anions on the order of 10° M~' s (2.10° M~ ' 57"
at pH > 8). This reaction proceeds even at acidic pH where
peroxynitrous acid represents the predominant form, which is
relevant for plasma activated solutions, especially in the case
of non-buffered solutions. According to ref. 84, the reaction
between EBS and ONOO /ONOOH is substantially faster than
the spontaneous decay process of ONOO /ONOOH at physio-
logical pH. We tested the scavenging activity and cross-
reactivity of ebselen for solutions of ONOO /ONOOH and
OCI /HOCI of the same concentration at neutral pH (prepared
in PB). The normalized fluorescence represents the efficiency of
the scavenger, where the highest value (1.0) represents no
scavenging activity and the lowest value represents the highest
scavenging activity of the tested scavenger. Fig. 5 shows that as
low as 50 uM EBS scavenged all present ONOO™ /ONOOH.
However, EBS was able to scavenge OCl /HOCI very effectively,
too (up to 80-100% depending on the EBS concentration). Due
to this fact, EBS should not be used in plasma activated saline
solutions as a specific scavenger of ONOO /ONOOH and
another more specific scavenger should to be considered in
such a case. It needs to be mentioned that EBS may also mimic
the properties of the glutathione peroxidase enzyme and act as
a reducing agent against H,0,.°*®” Despite this, the rate con-
stant of their reaction seems to be several orders of magnitude
lower,¢®8 and furthermore, the effect of the cross-reactivity of
H,0, on the H,DCFDA fluorescence was excluded despite high
H,0, concentrations.

On the other hand, when working with saline solutions
(e.g. physiological saline solution or phosphate buffered saline
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500

solution typically containing a high concentration of chlorine),
which are more suitable for applications in plasma medicine, it
may be helpful to scavenge hypochlorites (OCI™). Therefore, we
tested two scavengers — taurine (TAU) and its metabolic pre-
cursor hypotaurine (HTAU) - typically acting as in vitro and
in vivo antioxidants.®*>°° Fig. 6 compares the scavenging effi-
ciencies and cross-reactivities of TAU and HTAU towards
ONOO /ONOOH and OCl /HOCI. Both TAU and HTAU are very
efficient and have high specificity to OCl"/HOCI in concentra-
tions above 100 uM. The scavenging activity of HTAU for OCl™/
HOCI increased with increasing concentration and it seemed to
be a better scavenger than TAU. Despite this, both TAU and
HTAU do not seem to be fully specific for OCI"/HOCI because
of their ability to scavenge also ONOO /ONOOH (40-60%
depending on the scavenger), which was also shown by Oliveira
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Fig. 6 Scavenging efficiencies of taurine and hypotaurine at various
concentrations and their cross-reactivities with 10 pM solutions of
ONOO~/ONOOH and OCLl~/HOCI prepared in PB (mean + SD).
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et al® and Fontana et al’" Furthermore, good scavenging
activity of TAU and HTAU against *OH, O,*~ and *NO radicals,
but not against H,0,, was previously shown.%%°°

3.4 H,DCFDA measurements in plasma activated solutions
with and without scavengers

The efficiencies of scavengers were subsequently tested in the
plasma treated solutions (W, PB and PBS) with respect to the
fluorescence signal with or without scavengers added directly
after plasma treatment before mixing with the H,DCFDA dye.
The addition of scavengers into the plasma treated solutions
allowed us to develop the typical plasma-induced chemistry
during the treatment without inhibition of any of the chemical
pathways by scavenging certain RONS. The used scavengers
were aimed at scavenging the reactants or products of ONOO ™/
ONOOH formation in plasma activated solutions: catalase
(CAT) scavenging H,0,, sodium azide (SA) scavenging NO,™
and ebselen (EBS) scavenging ONOO™ /ONOOH. All scavengers
were first mixed with the plasma treated solutions and after
~30 seconds the pre-cooled H,DCFDA dye was added accord-
ing to the procedure.

The fluorescence response of H,DCFDA to the plasma
activated solutions (PAW, PAPB, and PAPBS) without added
scavengers is shown in Fig. 7. The observed fluorescence
intensity was considerably higher in PAW than in the plasma
activated buffered solutions (PAPB and PAPBS).

It is known that the formation of H,0,, NO,  and NO;~
along with acidification (for our PAW the final pH was typically
3.2) takes place in PAW.**?%3%39 These conditions lead to the
formation of predominantly (>99%) the protonated form of
peroxynitrites (ONOOH) by the reaction of H,0, and NO,™
according to eqn (3).>*?° The same RONS are also formed in
buffered solutions, however, the pH of the solution defines the
form and the preferred pathway of ONOO /ONOOH couple
formation, as well as their reaction rates. Additionally, our weak
phosphate solution (W) and phosphate buffer (PB) do not
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Fig. 7 Fluorescence response of H,DCFDA to plasma activated aqueous
solutions without added RONS scavengers (mean + SD). pH values of the
solutions after plasma treatment are shown. The final pH after adding the
H,DCFDA dye into PAW was neutralized to values around 6.6-6.7.
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contain any chlorine. Therefore the possible formation of OCl™/
HOCI in PAW and PAPB and their effects on the fluorescence
were precluded.

In ref. 82 it was shown that the 2nd order rate constant
kt,0,,n0,~ Of ONOOH formation from H,0, and NO, ™ increased
linearly with increasing acidity (i.e. an increasing concentration
of H" ions) of PAW. In neutral solutions (PAPB and PAPBS) the
rate constant for eqn (3) can be several orders of magnitude
lower (the reaction progresses slower), and additionally the
formation of ONOO™ from O,*” and *NO (eqn (1)) may prob-
ably take place.® Considering that the concentrations of the
origin RONS ie. H,0, and NO, for eqn (3) are typically
in - hundreds of uM ranges,*®*>”” 0,*” and *NO can be
expected to be much lower (according to ref. 92 *NO in PBS
treated by spark discharge was in the range - hundreds of nM)
in plasma activated buffered solutions (although we have not
measured these radicals in our system yet). Despite the rate
constant of ONOO™ formation (eqn (1)) being much faster
(~10°-10” M~" s7') at neutral pH,'” stronger formation of
ONOOH in acidified PAW can be expected. When the sample is
mixed with the H,DCFDA dye, the strong buffer used for the
dye preparation buffers the pH of the sample to about neutral
values (especially the pH of PAW changed from 3.2 to ~6.6-6.7
as was mentioned before). This pH is very close to the pK, of the
ONOO /ONOOH couple and therefore a significant part of
ONOOH will be dissociated into ONOO™ anions. The neutral
pH also partially prolongs their life-time. Our measurement
procedure involves two minute incubation with the dye, during
which the peroxynitrite chemistry can possibly still proceed and
oxidize the dye, even though much more slowly due to the
neutralized pH. This may explain the significantly lower
fluorescence signals in both buffered solutions (PAPB and
PAPBS) due to the higher pH compared to the acidic PAW.

In addition, in PAPBS the signal might be not only due to
ONOO /ONOOH, but also OClI"/HOCI if they are being
formed.”® Similarly, as we mentioned previously, *NO,, which
is formed due to the acidified decay of ONOOH in PAW, can act
as an efficient oxidant of the dye. Therefore, its contribution
to the fluorescence signal should be considered, although
currently it was not in our possibilities to verify.

By using RONS scavengers we tried to prove that the pre-
dominant ONOOH formation is responsible for the strong
fluorescence signal of the H,DCFDA dye in PAW (Fig. 8).
Certain specific scavengers can eliminate the signal by scaven-
ging of either the reactants or the product of the reaction
of ONOOH formation (eqn (3)). At first, the addition of EBS
(100 pM) into PAW significantly decreased the fluorescence
signal. We expected that the missing part of the fluorescence
signal in PAW is due to the scavenged ONOOH. The remaining
signal is probably due to some weak cross-reactivities of other
reactive species and autofluorescence. By addition of CAT
(2 units per mL) into PAW we observed a significant decrease
of the H,DCFDA fluorescence intensity. We expect that CAT
scavenged H,0, needed for the formation of ONOOH, and
therefore no or a minimal concentration of ONOOH was formed.
In the same manner, we used SA (3.3 mM) as a scavenger of NO, .
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We observed a similar decrease of the fluorescence signal due
to the scavenging of NO,  as one of the reactants needed for
ONOOH formation. In both cases, after removal of H,O, or NO,™
by scavengers, the decrease of the fluorescence signal is due to the
absence of ONOOH. This result supported the assumption that
the fluorescence signal of H,DCFDA in PAW is caused by ONOO™/
ONOOH formation, which also continues in PAW in the post-
treatment time. In addition, the peroxynitrite mediated oxidation
of the H,DCFDA dye is not based on the formation of free
*OH radicals as decay products according to Kooy et al.®® and
Glebska et al.,* but it appears to be due to a direct reaction of the
conjugated ONOOH with the dye.

Plasma induced chemistry in plasma activated liquids does
not represent steady state conditions, but ongoing processes.
The chemical instability of ONOOH at acidic pH (eqn (4) and
(5)) is also responsible for the high variability of the fluores-
cence detection in PAW (the standard deviation is about
+30%). Considering also the sampling post plasma treatment,
longer incubation time and no steady state of ONOOH, the
H,DCFDA assay is not well-suited for “live” measurements of
ONOO /ONOOH.

3.5 Simultaneous detection of peroxynitrite/peroxynitrous
acid in PAW by H,DCFDA fluorescence and by a kinetic study
of the post-discharge chemistry

In parallel to the detection of ONOO /ONOOH in PAW by
H,DCFDA fluorescence, we performed a kinetic study of the
post-discharge processes.*® TS air plasma activated water
(i.e. weak phosphate solution) was withdrawn immediately after
plasma treatment and H,0,, NO, , and ONOO /ONOOH were
measured at specific post-discharge times up to 30 min post
plasma treatment. Although peroxynitrite chemistry typically
started during the plasma treatment, in this case we focused on
the peroxynitrite chemistry in PAW proceeding independently
without plasma action. At first the kinetic evolution of NO,™
and H,0, (Fig. 9) showed an exponential decrease of their
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Fig. 9 Post-discharge kinetic evolution of nitrites and hydrogen peroxide
in PAW in the post-discharge time.

concentrations in PAW, as a result of the post-discharge pro-
cesses due to the continuous formation of the predominant
ONOOH form (eqn (3)).>**¢

According to ref. 39 the formation rate of ONOOH can be
written as (eqn (8))

d[ONOOOH]

& k[H"][H20,][NO, ], (8)

FONOOH =
where k is the third-order rate constant for the reaction
(eqn (3)). There is a strong dependence of k on the H'
concentration (i.e. pH) in the reaction (eqn (3)). However, in
the buffered solution the overall third-order kinetics of the
reaction (eqn (3)) can be simplified to pseudo-second order
under the assumption that the concentration of H' ions remains
constant. Then the expression (eqn (8)) can be rewritten as

(eqn (9))
_d[H,0,]

PR kn,0, N0, [H202][NO, 7], )

where ky o no,~ = k[H"] is the pseudo-second-order rate constant
for the reaction between H,0, and NO, . The integration of the
equation (eqn (9)) from time ¢ = 0 to ¢ gives (eqn (10))

[NO,7],[H, 0],

fn [H20,],[NO>7],

= ki,0,80, ((NO2 7]y —[H200]) 1. (10)

Based on our kinetic study of post-discharge processes we experi-
mentally determined the pseudo-second order rate constant
i0,n0,- = 0.635 M~ ' s7! for given experimental conditions
(pH 3.2; 10 °C), as well as the third-order rate constant konoon =
1.01 x 10> M 2 s~ for the reaction (eqn (3)) using the calculated
concentration of [H'] = 6.31 x 10~* M for pH 3.2. From eqn (8) we
determined the rate of formation of peroxynitrous acid ronoon in
PAW (pH 3.2) for each time point from 0 to 30 min post plasma
treatment. The initial rate of ONOOH formation in fresh PAW
(¢t = 0 min represents the time point at which the PAW was
withdrawn from the plasma) was determined to be ronoon =
87 nM s~ ". As can be seen, the rate decreased exponentially in the
post-discharge time (Fig. 10) due to the consumption of nitrites
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Fig. 10 Parallel detection of ONOO™/ONOOH in PAW in the post-
discharge time by the fluorescent dye H,DCFDA and by the kinetic study
of the ONOOH formation rate ronoon-

and hydrogen peroxide needed for ONOOH formation (shown
in Fig. 9).

In the second step, the time dependent evolution of the
ONOOH formation rate ronoon in PAW was compared with
the time evolution of the measured fluorescence signal
of H,DCFDA in PAW in the post-discharge time. The trend of
the H,DCFDA fluorescence signal showed a very similar
decreasing exponential trend as a result of the decrease of the
ONOOH concentration due to its acidic decomposition into
*OH and °NO, radicals and NO;~ (eqn (4) and (5)) in PAW
in the post-discharge time. As can be seen in Fig. 10, there is a
very good agreement in the detection of ONOO /ONOOH by
these two methods. Hence we calculated the formation rate
of ONOOH in the ~nM range; the actual concentrations
of ONOOH in PAW during the plasma treatment might be
higher (ONOOH is continuously formed and decays). As was
mentioned before, this technique is not suitable for ‘“live”
detection; more precisely this assay involves both ONOOH
formation and decay processes and averages them during the
incubation time with the fluorescent dye. Despite the low
expected steady-state concentration of ONOO /ONOOH in
PAW due to their short life-time, the H,DCFDA dye effectively
detected these low concentrations, showed its great sensitivity
and can serve as a qualitative method for ONOO™ /ONOOH
detection in different types of PAWSs.

4. Conclusions

Peroxynitrites/peroxynitrous acid are known as one of the key
antimicrobial agents in cold air plasma activated water and
aqueous solutions. Because of the presence of various RONS in
PAW, possible cross-reactivities, and especially their short life-
time, make the detection of ONOO /ONOOH difficult. The
reaction chemistry at different pH takes place along different
pathways and it is very important to consider all limitations of
every method used for the detection of RONS in PAW and
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plasma activated solutions. In this work, we showed a new
approach to the qualitative detection of ONOO /ONOOH in
acidified PAW by using the fluorescent dye 2,7-dichloro-
dihydrofluoresceine diacetate. We demonstrated that in plasma
activated solutions without the presence of Cl™, thus prohibiting
formation of hypochlorite anions (OCl) or hypochlorous acid
(HOCl), the H,DCFDA fluorescence signal can be attributed
primarily to ONOO™ /ONOOH formed primarily via the reaction
of nitrites and hydrogen peroxide in PAW. If careful considera-
tions are made towards the conditions of the plasma treatment
and the treated solution, fluorescence detection of ONOO™/
ONOOH is a very promising method for the detection of these
crucial RONS in the domain of plasmas with liquids and plasma
medicine.
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Appendix

Table 2 List of used abbreviations

Aqueous solutions

PB Phosphate buffer

PAPB Plasma activated phosphate buffer

PBS Phosphate buffered saline

PAPBS Plasma activated phosphate buffered saline
w Weak phosphate solution

PAW Plasma activated weak phosphate solution

Scavengers of reactive species

CAT Catalase

EBS Ebselen

HTAU Hypotaurine

SA Sodium azide

TAU Taurine

Others

DCF 2,7-Dichlorofluorescein

DCFH 2,7-Dichlorodihydrofluorescein

ES Electrospray

EPR Electron paramagnetic spectroscopy
H,DCFDA 2,7-Dichlorodihydrofluorescein diacetate
HPLC High performance liquid chromatography
HV High voltage

RONS Reactive oxygen and nitrogen species

TS Transient spark
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