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Air transient spark (TS) discharge generates cold plasma, which is a rich source of

reactive oxygen and nitrogen species (RONS). The gaseous products both in

ambient air and air humidified by water electrospray (ES) are nitrogen oxides (NO

and NO2). The rotational and vibrational temperatures determined by optical

emission spectroscopy (OES) are lower with water ES through the discharge than

in ambient air, which reduces the formation of NOx. The investigation of the

specificity of Griess colorimetric assay for the detection of long-lived nitrites in

plasma activated solutions confirms its accuracy by comparison with ion

chromatography (IC) and excludes possible interferences with hydrogen peroxide

by using the enzyme catalase.

Examination of the specificity

of the Indigo blue assay for

ozone detection shows strong

interferences with the peroxyni-

trite chemistry. Phenol as the

chemical probe confirms that

the TS air discharge produces

no aqueous ozone.
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1 | INTRODUCTION

Cold (non-thermal) plasmas generated by electrical dis-
charges at atmospheric pressure have been extensively
studied in recent years for their applications in biology,
medicine, and agriculture. Their bio-relevant effects are
especially due to the combination of several plasma agents
such as electric field, UV radiation, or reactive species.
Among these, neutral reactive species along with some ions
probably play the dominant role in the sterilization, wound

healing, skin diseases treatment, or potential cancer treatment
induced by cold plasma.[1–6] Discharges generated in ambient
air or in gases containing nitrogen and oxygen produce
various reactive oxygen and nitrogen species (RONS), which
may have different effects, for example, antibacterial/
cytotoxic or therapeutic. The effects of cold plasma can
also be mediated through so called plasma activated water/
solutions/media (PAW/PAS/PAM),[7–12] which are formed
during the plasma exposure of various aqueous solutions, for
example, deionized water, physiological saline solution,
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different buffered solutions, or cell cultivation media.
Plasmas of various types of electrical discharges may be
generated in a variety of set-ups and various gas mixtures
interacting with liquids and affecting the solutions directly or
indirectly.[13] Plasma treatment in general induces chemical
changes in the activated solutions due to the plasma-chemical
and transport processes occurring in and through the plasma-
liquid interface. The plasma induced chemical changes in
aqueous solutions depend on many parameters, such as the
type of the discharge, its power, composition of the gas
mixture, as well as composition and properties of used
solutions. Electrical discharges generated at the gas-liquid
interface induce formation of the gaseous reactive species
(e.g., O•, N•, H•, NO•, NO2

•, OH•, H2O2, HNO2, O3). These
can penetrate or dissolve through the gas-liquid interface into
the liquids and further induce formation of the reactive
species directly in the bulk liquid. RONS formed in the
plasma activated aqueous solutions can be relatively long-
lived (H2O2, NO2

−/NO3
−, O3) or transient with very short

life-times (OH•, NO•, NO2
•, ONOOH/ONOO−, HOO•/

O2
•−).[14,15]The properties of plasma activated solutions are

time-variable, depending on pH and temperature, and their
mutual reactivity. Therefore some of the PAS properties
decay exponentially in post-discharge time.[9,11,16,17] For
every application of plasma activated solution it is important
to know their properties and limitations, which can only be
determined by the accurate detection of every single RONS.
However, the RONS detection may be often difficult due to
their very short life-times, strong reactivity, low concen-
trations, etc.

In plasmas in ambient or synthetic air and nitrogen
carrier gases, nitrogen oxides (NOx) are typically formed in
considerable amounts.[18–23] The NOx generation in plasmas
with aqueous solutions is also of interest due to their
antibacterial (NO2

•) and biomedical (NO•, NO2
•) effects.

Some plasma devices are designed to produce significant
NOx densities.

[20,24–26] Nitrites NO�
2 (and nitrates NO�

3 ) are
formed in plasma activated solutions by the dissolution of
nitrogen oxides from the gas phase and they are linked with
the acidification of the solution. Furthermore, via perox-
ynitrite chemistry (ONOOH/ONOO− formation), their
acidic decay, or in the presence of UVA photons,[27] nitrites
participate at the production of biologically important
radicals – NO•, NO2

•, and OH•, which are known for their
antibacterial,[9,10,28] therapeutical,[2,29] or anti-cancer prop-
erties.[30] The most common method of nitrite detection in
plasma activated solutions is a colorimetric Griess assay. It
has been widely used in various aqueous solutions
(deionized water, Milli Q water, saline solution, phosphate
or citrate buffered solution, phosphate buffered saline)
treated by different plasma sources (dielectric barrier
discharge, plasma jets, gliding arc, spark discharge).[31–37]

In the original Griess reaction (diazotation reaction), nitrite

reacts with sulfanilic acid under acidic conditions to form a
diazonium ion, which couples to α-naphthylamine to form a
readily water-soluble, red-violet colored azo dye. The
sulfanilic acid and α-naphthylamine are called the Griess
reagents. Derivatives of these nitrosable and coupling
components can be also used – sulfanilamide and N-(1-
naphtyl)ethylenediamine.[38] Besides the Griess assay, other
methods for nitrites detection can be used. Direct UV
absorption in aqueous solutions for nitrites gives the
absorption maxima at ∼350–360 nm or 200–210 nm. The
limitation of this method is the overlap of nitrites and
nitrates bands at ∼200 nm and relatively low sensitiv-
ity.[39,40] Ion/high performance liquid chromatography
(HPLC) is a very precise and reliable method. Both direct
UV absorption and ion chromatography (IC) have been used
for nitrite detection in plasma activated solutions.[8,9,23,41–44]

Ozone is one of the abundant reactive species formed in
air or oxygen plasma discharges with relatively low power,
for example, pulsed corona discharge, dielectric barrier
discharge, or low-power surface micro discharge.[18,42,45–47]

Plasma jets can also generate O3 when a small amount of
oxygen is added into the carrier noble gas or when the ambient
or synthetic air are used as shielding gases or are present in the
surrounding gas atmosphere.[48,49] Ozone is formed in the gas
phase and can dissolve into the liquids. It is a powerful
oxidant and disinfectant, it has a high redox potential and can
oxidize organic compounds in water, remove pollutants
including pathogens, and remove odors.[50,51]Methods for the
determination of the residual ozone in aqueous solutions are
mostly based on the absorption spectroscopy. Indigo
trisulfonate (Indigo blue) assay is a colorimetric method,
which was set as a standard method for the residual ozone
detection in water.[52,53] It has been well tested and applied for
the determination of ozone in many different types of water.
Indigo blue is a well known classical blue vat dye that in
aqueous solutions absorbs light at∼600 nmwith a rather high
molar absorptivity. The indigo blue method utilizes the
discolorization of the stock solution of blue indigo
trisulfonate by dissolved ozone. Ozonolysis of the only one
CC bond in indigo blue produces sulfonated isatin and
eliminates the absorbance of the aqueous solution. This
method has been widely used for the dissolved ozone
detection in plasma activated aqueous solutions.[37,42,47,54–58]

Some authors used another sensitive spectrophotometric
method, which was described in the edition of the Standards
Methods – Iodometric method. Ozone reacts with the neutral
potassium iodide solution and liberates iodine. In the excess
of potassium iodide, iodine is in the complexed triiodide form.
The concentration of triiodide is determined spectrophoto-
metrically at 352 nm[52] and it was used in ref.[57,59–63]

Furthermore, ozone can be very specifically detected by using
phenol as a chemical probe and detecting its degradation
product muconic acid.[9,64]
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In this work we focused at the formation and detection
of RONS induced by cold air plasma in the gas phase and in
aqueous solutions. We analyzed the gaseous products
formed by the positive transient spark (TS) discharge
generated in ambient air and ambient air with water
electrospray (ES) through the discharge and liquid RONS
(hydrogen peroxide H2O2, nitrites NO�

2 , nitrates NO
�
3 , and

dissolved ozone O3) in aqueous solutions electrosprayed
through the discharge. We compared the accuracy of the
Griess assay for nitrites detection with the ion chromatog-
raphy method. We also evaluated the possible interferences
of H2O2 on the specificity of Griess assay of nitrites by the
addition of catalase. The specificity of the Indigo blue assay
was investigated by using scavengers of RONS (catalase,
mannitol, and sodium azide) and in synthetic PAW (sPAW),
that is, chemical solution mimicking the PAW composition.
Phenol degradation by TS ES was investigated in order to
clarify the main chemical pathways in plasma activated
solutions.

2 | EXPERIMENTAL SET-UP AND
METHODS

2.1 | Transient spark with water electrospray

The experimental set-up of the water ES system[10] is
depicted in Figure 1. A DC-driven TS discharge in positive
polarity was generated in point-to-plane configuration in
ambient air at atmospheric pressure. TS discharge is a self-
pulsing repetitive streamer-to-spark discharge with very
short duration (<50 ns) of spark current pulse (∼20–30 A)
with the typical repetitive frequency ∼1 kHz and has been
studied and described in detail in.[65–67] The reactor
consisted of the high voltage (HV) hollow needle electrode
which allowed for the injection of the aqueous solutions
with the constant flow rate 0.5 mL min−1 by the syringe
pump Pump Systems NE-300 directly through the active
discharge zone. Due to the applied HV on the needle, the
effect of electro-spraying of solutions into fine micrometric
size droplets occurred.[68,69] The needle nozzle with a
special cut facilitates a better contact of the microdroplets of
the sprayed solutions with the discharge. The inter-electrode
spacing between the HV needle tip and the metallic
grounded mesh was kept at 10 mm. A positive HV was
applied through the ballast resistor R (10 MΩ). The
discharge voltage was measured by the HV probe Tektronix
P6015A and the discharge current was measured by a
Rogowski current monitor Pearson Electronics 2877. The
electrical parameters were processed and recorded during
the experiments by a 200MHz oscilloscope Tektronix TDS
2024C. Typical current and voltage waveform of TS
discharge with ES, as well as electrical parameters, were
documented in detail in our previous publications.[10,70]

2.2 | Chemical diagnostics of the gas-phase
products

The experiments focused at the diagnostics of the gas-phase
discharge products were carried out in the open reactor in
ambient air. The analyzed gas was pumped through a tube
placed directly below the grounded mesh electrode by the
pump with the flow rate 0.5 Lmin−1. Ozone concentrations
were measured by a home-made ozone analyzer based on UV
absorption at 254 nm and the Lambert-Beer law (absorption
cross-section 1.15 × 10−21 m2 at room temperature) with the
gas cell length 12.5 cm.[71] NO was detected by the
electrochemical gas sensor Membrapor NO/SF-1000 with
the resolution 5 ppm and the range up to 1000 ppm. Nitrogen
oxides, ozone, and other gas molecules were detected by the
Fourier transform infrared (FTIR) absorption spectropho-
tometer Shimadzu IRAffinity-1S inside the 10 cm long gas cell
with the spectral resolution 0.5 cm−1. NOx concentrations
were calculated according to the absorption maximum
wavelengths 1900.36 cm−1 for NO and 1627.43 cm−1 for
NO2, after calibration with calibration standard NO and NO2

gases in N2 and air, respectively.
In order to discover more about reactive species generated

by the TS discharge with and without the water ES, we
performed a time-integrated optical emission spectroscopy
(OES). The OES technique can provide valuable information
on excited atomic and molecular states. It enables to
determine the rotational, vibrational, and electronic excitation
temperatures of the plasma and thus the level of non-
equilibrium.[72–74] For fast recording of time-integrated
spectra of a broad spectral region we used a two-channel
compact emission spectrometer Ocean Optics SD2000 (200–
1100 nm, resolution 0.6–1.7 nm). Spectra were measured in
the position right below the needle anode in ambient air with
and without the water ES through the discharge zone. The
measured spectra were compared with spectra of the N2

second positive system (SPS) simulated by Specair[72] in
order to determine rotational and vibrational temperatures of
N2(C) species. The N2(C) rotational temperature was used as
an indicator of the gas temperature.

2.3 | Chemical diagnostics of plasma activated
aqueous solutions

Aqueous solutions with different initial pH and electrolytic
conductivities σ were used in our experiments. They were
prepared by the dissolution of different phosphate salts in
deionized water to obtain solutions with the following
properties:

� phosphate buffer (PB) – 2 mM and 0.1 M Na2HPO4/
KH2PO4 aqueous solution (pH 6.9, σ= 560 μS cm−1) was
used to control the pH of plasma activated solutions;
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� water (W) – NaH2PO4 solution (pH 5.5, σ= 600 μS cm−1)
mimics the conductivity of tap water and has a similar
chemical composition with the phosphate buffer;

� synthetic plasma-activated water (sPAW) – a mixture of
800 μM H2O2/400 μM NaNO2 in phosphoric acid/
NaH2PO4 solution (pH∼ 3.2) – simulates the typical
chemical composition (pH, H2O2, and NO�

2 concentra-
tions) of PAW.

The concentrations of RONS formed in plasma activated
solutions due to the gas-liquid interactions were primarily
detected by the colorimetric methods (UV/VIS absorption
spectrophotometer UV-1800 Shimadzu). Additionally, com-
parative methods such as IC, and HPLC were used.
Measurement of hydrogen peroxide was performed by the
titanium oxysulfate assay. The principle of this method is a
reaction of H2O2 with the titanium (IV) ions under acidic
conditions. The yellow-colored product of pertitanic acid
H2TiO4 is formed with the absorption maximum at
407 nm.[75] The concentration of H2O2 is proportional to
the absorbance according to the Lambert-Beer's law (molar
extinction coefficient ε= 6.89 × 102 L . mol−1 . cm−1). Be-
cause of the possible H2O2 decomposition by NO�

2 under
acidic conditions, sodium azide (60 mM) was added to the
sample prior to mixing with the titanium oxysulfate

reagent.[9] Sodium azide immediately reduces nitrites into
molecular nitrogen and preserves the H2O2 concentration
intact (Equation 1):

3 N�
3 þ NO�

2 þ 4 Hþ → 5 N2 þ 2 H2O ð1Þ

Griess assay is a well known and selective method for
nitrite detection.[38] It was also set as a standardized method
for the examination of water and wastewater.[52] This
colorimetric method is based on the reaction of NO�

2 with
the Griess reagents under acidic conditions, which after
their reaction convert into deep purple azo compound with
the absorption maximum at 540 nm. In this work we used
two different Griess assays. The first assay contained the
Griess reagents prepared according to Method 4500–NO2

−

in ref.[52] The second assay was Nitrate/Nitrite Colorimet-
ric Assay Kit (# 780001, Cayman Chemicals) that contained
already prepared ready-to-use Griess reagents. The main
differences between these assays were the mixing sample/
reagents ratio and the time necessary for the development
of the colored product. We performed calibrations for the
exact quantification of NO2

− for both assays. Furthermore,
we used IC for both nitrites and nitrates detection. Samples
for IC analysis were stabilized by phosphate buffer (pH 6.9)
immediately after being withdrawn from the plasma

FIGURE 1 Experimental set-up of air transient spark discharge with water electrospray, optical emission spectroscopy, and analysis of
gaseous products
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activated solutions to stop the acidic decomposition of NO�
2

and their loss via the peroxynitrites formation that will be
discussed later (Equations 16 and 18). Stabilized samples
were then injected into the chromatography column. The
concentrations were measured by the HPLC system
Shimadzu LC-10Aνp with UV (210 nm) and suppressed
conductivity detection. Analyses were made by means of a
7-μm Allsep A1 anion exchange column (10 × 4.6 mm)
with 0.85 mM NaHCO3/0.9 mM Na2CO3 as the eluent
(flow rate of 1.2 mLmin−1). The detection limit for analysis
of NO�

2 and NO�
3 was 0.25 µM. In addition, Griess assays

and IC were tested in combination with the enzyme catalase
(Catalase from bovine liver, Sigma–Aldrich) to decompose
H2O2 which may have a negative effect on the nitrite
detection due to its participation in the peroxynitrite
chemistry in PAW. Catalase is an intracellular enzyme
which catalyzes the decomposition of H2O2 to water and
oxygen (Equation 2):

2 H2O2 → 2 H2Oþ O2 ð2Þ

The working solution of catalase with the activity
10.6 units mL−1 was prepared in 50 mMK2HPO4 buffer
and it was mixed with the sample prior to mixing with the
Griess reagents or prior the IC analysis.

The detection of the dissolved ozone in plasma activated
solutions was performed by the Indigo blue assay. It is a
simple and quantitative colorimetric standardized method
for ozone detection (Method 4500-O3) in water and
wastewater,[52] which was developed by Hoigné and
Bader.[53] In acidic conditions O3 rapidly decolorizes the
indigo potassium trisulfonate dye and the colorless product
isatin is formed by the bleaching process. The decrease of
the absorbance at 600 nm (ε = 2.38 × 104 M−1 cm−1) is
linear with the increasing concentration of dissolved O3. We
used indigo reagent II recommended for higher concen-
trations of O3 (0.05-0.5 mg L−1). It is important to find the
best mixing ratio of the sample with indigo reagent, so that
the solution will be still slightly colored. The ratio in our
experiments was determined to be 1:1. We prevented the
possible interferences with chlorine by using only non-
saline solutions. H2O2 decolorizes the indigo blue reagent
very slowly and does not interfere if O3 is measured in less
than 6 h. Nevertheless, we recorded the absorbance
detection of samples within a few minutes after mixing
with reagent. For the investigation of the specificity of this
method, we also used scavengers of the key reactive species
of the peroxynitrite formation – catalase (CAT) for H2O2

and sodium azide (SA) for NO�
2 scavenging, as well as

mannitol (MAN) as a scavenger of OH• radicals.
The detection of phenol and its degradation by-

products by HPLC was used as an indirect analytical
method to characterize the reactive pathways of RONS,

especially of the dissolved O3.
[9] The specific chemical

products of these pathways were detected after direct ES
treatment of the 500 μM phenol solution by HPLC system
Shimadzu LC-10 Avp with UV and fluorescence detection.
Analyses were made using a 5 μM reversed phase
Supelcosil LC-18 column (25 × 2.4 mm; Supelco). An
isocratic method with a solvent mixture of 10% acetonitrile
and 0.5% acetic acid in deionized water was used as the
eluent with a flow rate 0.4 mL min−1. The UV detection
was performed at 250, 264, 274, 290, 320, and 350 nm.
The fluorescence detection was made with the excitation
and emission wavelengths of 271 and 297 nm, respec-
tively. The detection limit for the HPLC analysis was
0.01–0.1 μM (depending on the compound and the used
detection).

3 | RESULTS AND DISCUSSION

3.1 | Gas-phase products

Positive TS discharge was operated in ambient air at
atmospheric pressure. The stable gaseous reactive species
were identified both in the ambient air and in the ambient air
humidified by the water ES through the discharge. The
dominant stable gas phase products in ambient air were
nitrogen oxides (NO and NO2), while ozone was not detected
(<10 ppm detection limit).

TS is a streamer-to-spark transition discharge initiated by
a streamer which is followed by a nanosecond (<50 ns) spark
pulse. During the rising slope of the current pulses (both
streamer and spark), electrons have enough energy (tempera-
ture) to ionize dominant air molecules (N2 and O2)
(Equations 3 and 4) and form the excited N2* molecules
(Equation 5):

eþ N2 → eþ eþ Nþ
2 ð3Þ

eþ O2 → eþ eþ Oþ
2 ð4Þ

eþ N2 → eþ N*
2 N2 Cð Þ or N2 Bð Þð Þ ð5Þ

Fast quenching of the excited N2* molecules with
molecular oxygen is one of the sources of atomic oxygen
(Equation 6)[76]:

N*
2 þ O2 →N2 þ Oþ O ð 6Þ

Although after the drop of the spark current pulses the
electron temperature Te decreases, electrons with lower
energy still participate at the production of atomic O andN via
their dissociative recombination with N2

+ and O2
+ ions

(Equations 7 and 8):
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eþ Oþ
2 →Oþ O O 1D

� �
, O 1S

� �� �� ð7Þ

eþ Nþ
2 →Nþ N N 2D

� �
, N 2P

� �� �� ð8Þ

Products of these reactions (Equation 6–8) may enhance
the NOx synthesis, especially due to N production, which
helps to bypass the rate limiting step of the Zeldovich
mechanism (Equations 9 and 10):

Nþ O2 →NOþ O ð 9Þ

Oþ N2 →NOþ N ð 10Þ

The dissociative recombination reactions (Equations 7
and 8) probably enhance the production of atomic oxygen
species O, which results into the further oxidation of NO into
NO2 in a three-body reaction (Equation 11):

NOþ OþM→NO2 þM ð 11Þ

Furthermore, O atoms may also generate ozone O3

(Equation 12), which is able to oxidize NO to NO2

(Equation 13):

Oþ O2 þM→O3 þM ð 12Þ

O3 þ NO→O2 þ NO2 ð13Þ

However, there is a relatively high temperature during the
spark pulse and ozone generated during the streamer-to-spark
transition phase should be thermally decomposed and so the
Zeldovich mechanism enhanced (Equations 9 and 10).[20]

These plasma-chemical processes explain the formation of
the dominant stable NOx species and negligible O3 formation
in the TS plasma gas.

Figure 2 shows the concentrations of NO and NO2

generated in the ambient air without (TS) and with ES
(TS + ES). The ES of aqueous solutions through the plasma
increases the interfacial surface of electrosprayed micro-
metric droplets and so improves the gas-liquid transport of the
gaseous reactive species into the liquid. The enhanced NOx

dissolution into the electrosprayed water microdroplets
depleted NOx from the air. Figure 3 shows the emission
spectra of TS with and without water ES with the determined
rotational Tr and vibrational Tv temperatures. The uncertain-
ties of the determined rotational and vibrational temperatures
were approximately 100 and 250 K, respectively. Both Tr and
Tv were lower in experiments with ES of water. Since Tr is
close to the gas temperature Tg, we can see that the water ES
cools down Tg from ∼700 to ∼400 K. Furthermore, we
observed that the TS discharge with electrosprayed water

occupied larger volume and thus lower energy per unit
volume was deposited into the gas. Therefore NOx formation
decreased due to the cooling by water and larger discharge
volume and thus NO concentrations were found lower in the
ES humidified air by the water ES. However, the NO2

concentrations in the ES humidified air were measured
approximately the same (within the experimental error). This
is counter-intuitive and further investigation is needed.

3.2 | PAW chemistry with a focus at nitrite
detection

TS discharge generated in ambient air was in the direct
contact with the aqueous solutions electrosprayed directly

FIGURE 2 Nitrogen oxides (NO and NO2) concentrations
produced by transient spark discharge at ambient air with (TS + ES)
and without (TS) water electrospray (mean ± SEM, n (TS) = 6, n
(TS + ES) = 17); ***significant difference p< 0.0001 (Mann–
Whitney test)

FIGURE 3 Emission spectra of TS discharge (∼1 kHz) with
(TS + ES) and without (TS) water electrospray, detail of N2 SPS (0–
1) and (1–2) bands. The simulated spectra with determined Tr and Tv

for TS (black solid line) and TS + ES (black dashed line) were
obtained using Specair software[72]
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through the discharge. This cold air plasma activation
resulted in the chemical effects induced in aqueous
solutions. Changes of pH, conductivity, and formation of
RONS were observed in water or PB and concentrations of
hydrogen peroxide, nitrites, and nitrates were measured by
titanium oxysulfate assay (H2O2) and IC (NO�

2 /NO
�
3 ). In

both solutions (W and PB) the increase of conductivity was
observed. In PAW the pH decreased (5→ 3.2) unlike in
plasma activated buffered solution (PAPB), where pH
remained at 6.9. Figure 4 shows concentrations of H2O2,
NO�

3 , and NO�
2 determined in PAW and PAPB solutions

after TS ES treatment. Their concentrations depend on
the pH of the solution.

Dissolution of gaseous NOx along with the formation of
NO�

2 and NO�
3 was responsible for the acidification of the

plasma activated solutions (Equations 14 and 15):

NO2 aqð Þ þ NO2 aqð Þ þ H2O 1ð Þ →NO�
2 þ NO�

3 þ 2 Hþ ð14Þ

NO aqð Þ þ NO2 aqð Þ þ H2O 1ð Þ → 2 NO�
2 þ 2 Hþ ð15Þ

The following processes are mainly responsible for the
different concentrations of nitrites in PAW and PAPB:

1. Nitrites are not stable and decompose under acidic
conditions (pH < 3.5) via formation of NO• and NO2

•

intermediates (Equation 16) into nitrates as final products
(Equation 17). NO• and NO2

• posses strong cytotoxic
effects (also known as acidified nitrites)[77]

2 NO�
2 þ 2 Hþ↔2HNO2 →NO⋅ þ NO⋅

2 þ H2O ð16Þ

2 NO⋅
2 þ H2Oþ H2O→NO�

2 þ NO�
3 þ Hþ ð17Þ

2. Nitrites can react with H2O2 in acidic environment and
lead to the formation of peroxynitrites (peroxynitrous

acid) (Equation 18), which are also very reactive
through their decay products OH• and NO2

• radicals
(Equation 19)[9,10,19,41,78]

NO�
2 þ H2O2 þ Hþ →O ¼ NOOHþ H2O ð18Þ

O ¼ NOOHþ OH⋅ þ NO⋅
2 ð19Þ

Figure 5 shows the time evolution of the measured
concentrations of long-lived species such as H2O2, NO�

2 , and
NO�

3 in PAW in post plasma treatment time. The changes of
their concentrations (decrease of H2O2 and NO�

2 , increase of
NO�

3 ) in time result from the ongoing post-discharge
chemistry: particularly the above mentioned acidic decom-
position of nitrites and formation of peroxynitrites. Further-
more, there are other reactions which may yield nitrite and
nitrate ions, such as hydrolysis of NO2

• or a reaction of NO•,
and NO2

• with dissolved oxygen.[9]

Since nitrites are one of the key and relatively stable
species formed in plasma activated solutions, their detection is
needful. As mentioned before, Griess assay is a specific
method forNO�

2 detection based on colorimetric principle and
it is easy to perform. Therefore we tested the accuracy of the
Griess assay by the comparison with IC as a control method.
Two different Griess reagents: Griess 1 prepared according
to[52] and Griess 2 (Nitrate/Nitrite Colorimetric Assay Kit)
were tested. In addition,we evaluated the effect ofH2O2 on the
specificity of Griess assay by addition of the catalase (CAT)
enzyme to decompose H2O2 that may interfere the nitrite
detection due to the fact that NO�

2 may also react with H2O2

through reaction (Equation 18) under the acidic conditions of
Griess assay. Both solutions, W and PB were activated by the
TS discharge with electrospray. Directly after treatment each
samplewas divided and the analysis of nitrites by IC, Griess 1,
and Griess 2 (with or without added catalase) was performed.

FIGURE 4 H2O2, NO2
−, and NO3

− (NO2
−, NO3

− measured by
IC) concentrations in PAW and PAPB after electrospraying the W
and PB solutions through transient spark (mean ± SEM, n= 3);
***significant difference p< 0.0001 (unpaired t-test)

FIGURE 5 Evolution of H2O2, NO2
−, and NO3

− (NO2
−, NO3

−

measured by IC) concentrations in PAW in post plasma treatment
time
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The measured NO�
2 concentrations for all cases are shown in

Figure 6. The results of the NO2
− detection by all three

methods showed no significant difference between the
samples with or without the added CAT. It seems that the
reaction of Griess reagents with NO2

− is faster than the
competing reaction of H2O2 with NO�

2 . Also, due to the
dilution of the treated samples for the Griess assay analysis
(necessary to keep the nitrites concentrations in the linear part
of the calibration curve), the concentration of H2O2 in the
analyzed sample was 10–40 times lower which was sufficient
to eliminate possible interferences of H2O2 on the analysis of
NO2

− by Griess assay. Moreover, the dilution of samples
increased the pH, which slowed down or ceased the processes
responsible for the nitrite decomposition (Equations 16
and 18). The comparison of themeasuredNO�

2 concentrations
by two different Griess assays (Griess 1 and Griess 2) and by
IC showed no significant differences. Following these results,
we confirmed that the Griess assay is a precise, reliable and
suitable method for the nitrite detection in plasma activated
solutions.

3.3 | Dissolved ozone detection by the Indigo
blue assay

Ozone dissolved in aqueous solutions is considered as very
efficient oxidant and antimicrobial agent. Therefore we tried
to detect the dissolved ozone in W treated by TS discharge
with ES. By the Indigo blue method, we previously detected
the concentrations about 2.5 mg L−1 (52 µM) of dissolved O3

in the PAW.[79] Because TS discharge treatment decolorized
the indigo blue dye even though there was no ozone detected
in the gas phase, we verified the specificity of the indigo blue
assay by using the simulated plasma activated water (sPAW),

that is, the solution with similar chemical composition and pH
as our typical PAW prepared by air TS discharge. Figure 7
shows the “apparent O3” detected by the indigo blue assay by
the same manner in post plasma treatment time in PAW,
PAPB, and sPAW. The strong decolorization of the indigo
blue dye was observed in PAW unlike in PAPB (0.1M),
where no decolorization was observed. The main difference
between the PAWand PAPB are the plasma induced chemical
changes due to the formation of RONS. The chemical changes
differ depending on pH of the plasma treated solution. In the
PAPB, where pH remained non-acidified (∼6.9), the
concentrations of H2O2 and NO�

2 were time-stable and the
pH-dependent decomposition of nitrites (Equation 16) and
peroxynitrite formation (Equation 18) did not occur. On the
other hand, in acidified PAW (pH 3.2) these reactions
(Equations 16 and 18) took place (Figure 5) and furthermore
the acidic decomposition of peroxynitrites (Equation 19) into
OH• and NO2

• radicals occurred.
The time evolution of “apparent O3” in the sPAW was

observed identical to PAW, despite the fact, that this solution
was not in any contact with plasma and therefore no ozone
could have been present. In sPAW, which contains only H2O2

and NO�
2 at acidic pH, only peroxynitrite formation occurred,

followed by its immediate decomposition. The results show
that the decolorization of the indigo blue dye in PAW and
sPAWwas almost the same despite no O3 present in sPAW at
all, and no O3 was detected in the gas phase of TS discharge.
We can thus assume that the Indigo blue decolorization in
both these solutions without ozone (PAW and sPAW) was
most likely caused by the hydroxyl radical OH• formed as a
decay product of peroxynitrites. This was probably also the
reason for the false positive response of the Indigo blue dye
method in PAW in our previous experiments.

FIGURE 6 Comparison of the nitrite concentrations
(mean ± SEM, n= 3) in PAW and PAPB measured by Griess assay 1,
Griess assay 2, and by ion chromatography (IC) (with (+CAT) and
without added catalase (scavenger of H2O2); no significant difference
between each group Griess1, Griess 2, and IC for PAW and PAPB
(Kruskal–Wallis test); no significant difference between PAW and
PAPB with or without added catalase for each group (unpaired t-test)

FIGURE 7 Evolution of the “apparent O3” concentrations
(mean ± SEM, n= 3) in post plasma treatment time in PAW, PAPB,
and sPAW
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In order to prove this hypothesis, we used the scavengers of
certain reactive species with PAW and sPAW: catalase (CAT)
to scavengeH2O2 (40 units mL−1), sodiumazide (SA) forNO�

2
(80mM) and mannitol (MAN) for OH• radicals (100 mM).
Both catalase and sodium azide were added into sPAW at the
beginning of the analysis and mannitol was added into W
before plasma treatment. Figure 8 shows how the addition of
scavengers affected the decolorization of the indigo blue, and
thus the detection of the “apparent ozone.” Scavenging of the
key reactants necessary for the peroxynitrite formation (H2O2

an NO�
2 ) in sPAW decreased the decolorization of the indigo

blue dye. Furthermore, mannitol scavenging the OH• radicals
as themain product of peroxynitrite decay in PAW reduced the
indigo blue decolorization too. Based on these results we
confirmed that the Indigo blue assay for the detection of
dissolved ozone is not suitable for the plasma activated water
due to the strong interference with peroxynitrite chemistry
occurring in PAW. It is noticeable, that Anderson et al.[33]

observed the same results showing that air plasma inducing the
peroxynitrite chemistry in plasma activated solutions signifi-
cantly contributed to the decolorization of a similar indigo
carmine dye due to the formation of OH• as a decay product in
acidified PAW and sPAW.

In order to further analyze RONS in plasma activated
solutions, phenol was used as chemical probe to characterize
the specific primary products of its degradation by the reactive
species formed during the plasma treatment in aqueous
solutions. Phenol is a suitable model of organic compound
and its reactions give specific degradation by-products after
reaction with OH• radical, NO•, and NO2

• radicals and
especially with O3.

[9] Five hundred micrometer phenol
solution prepared in W or PB (2mM) was treated directly

by the TS discharge with ES. The concentrations of residual
phenol and its degradation products were analyzed using
HPLC and the results are shown in Table 1. In PAWandPAPB
solutions treated by the TS with ES, only the hydroxylated
degradation products (catechol, hydroquinone, 1,4-benzoqui-
none, hydroxy-1,4-benzoquinone) and nitrated/nitrosylated
by-products (4-nitrocatechol, 2-nitrohydroquinone, 4-nitro-
phenol, 2-nitrophenol) were detected, but no cis, cis-muconic
acid (and its cis, trans-isomer) as a specific product of the ring
cleavage of phenol by ozone. Contrary to the “apparent ozone”
detected by the Indigo blue assay, the results from the phenol
degradation product analysis showed no muconic acid and
therefore no dissolved ozone in our air TS activated solutions.
Even if some negligible ozone concentrationswould be present
in PAW, ozone would rapidly oxidize nitrites to nitrates and
oxygen (Equation 20)[14]:

NO�
2 þ O3 →NO�

3 þ O2 ð20Þ

Moreover, the presence of hydroxylated and nitrated/
nitrosylated by-products is an indirect evidence of the
presence of both RONS: peroxynitrites and their decay
products in acidic pH – OH• and NO2

• radicals, and also
acidified nitrites. This result supports our previous evidence
that the Indigo blue method is not specific to ozone detection
in plasma activated solutions and strong peroxynitrite
chemistry is responsible for the false ozone signal.

4 | CONCLUSION

Cold air plasmas produce a number of reactive species which
act as antimicrobial agents and serve as precursors of RONS
formed in plasma activated solutions that determine their
antimicrobial and other properties. In this work, we showed

FIGURE 8 The effect of the scavengers on the “apparent O3”
concentrations (mean ± SEM, n= 3) in post plasma treatment time in
PAW and sPAW with or without added scavengers. Used scavengers:
MAN=mannitol (scavenger of OH•); CAT = catalase (scavenger of
H2O2); SA = sodium azide (scavenger of NO2

−)

TABLE 1 Summary of the degradation by-products of phenol in
PAW and PAPB

Phenol
decomposition PAW PAPB

Phenol [μM]
Initial concentration
After plasma treatment
Decomposed

500
297.3
203

500
309.3
191

Hydroxylated
products

Catechol
Benzoquinone
Hydroquinone
Hydroxybenzoquinone

13%
(26 μM)

11%
(21 μM)

Nitrated products
4-nitrocatechol
2-nitrohydroquinone
4-nitrophenol
2-nitrophenol

5%
(11 μM)

1%
(2 μM)

‘Ring-cleavage by
O3’ products

cis, cis-muconic acid
cis, trans-muconic acid

0 0
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that the TS discharge generated in ambient air is a great source
of nitrogen oxides: NO and NO2. The ES of various aqueous
solutions through the discharge enhanced the dissolution of
these gaseous NOx into the treated liquids, which induced
formation of nitrites and nitrates and was linked with the
acidification. Ozone was not detected in the gas phase due to
its thermal decomposition during the spark phase. The time-
averaged OES of N2 second positive system was applied to
determine the gas temperature and showed that the water ES
decreased the gas temperature in the discharge. We showed
that Griess assay is suitable for nitrite detection in plasma
activated solutions and that H2O2 did not affect their
detection. On the other hand, we showed that Indigo blue
assay is strongly affected by OH• radicals formed due to the
acidic decay of peroxynitrites in the plasma activated
solutions and therefore is not specific for ozone detection.
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APPENDIX

Table A1 Summary of the used abbreviations

Aqueous solutions

PB Phosphate buffer

PAPB Plasma activated phosphate buffer

W Water

PAW Plasma activated water

sPAW Synthetic plasma activated water

Scavengers of reactive species

CAT Catalase

MAN Mannitol

SA Sodium azide

Other abbreviations

ES Electrospray

HPLC High performance liquid chromatography

IC Ion chromatography

OES Optical emission spectroscopy

RONS Reactive oxygen and nitrogen species

TS Transient spark
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